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We heve o b se rv e d  t h a t  b o th  s u l f i d e s  and d i s u l f i d e s  can  be 
o x id iz e d  t o  th e  c o r re s p o n d in g  s u l f o x i d e  and t h l o l s u l f l n a t e  by b e n z o y l  
p e r o x id e  (BPO), O th e r  p r o d u c ts  t h a t  have been  I s o l a t e d  In  t h i s  sy s tem  
I n c lu d e  b e n z o ic  a c i d ,  b e n z o ic  a n h y d r id e ,  o l e f i n ,  th e  ^ - s u b s t i t u t e d  
b en zo y lo x y  s u l f i d e ,  and p o l y s u l f i d e s .  The r e a c t i o n  I s  f i r s t  o r d e r  In  
d i s u l f i d e  o r  s u l f i d e ,  and f i r s t  o r d e r  in  p e r o x id e .  We p ro p o se  a 
mechanism I n v o lv in g  th e  n u c l e o p h l l i c  a t t a c k  o f  th e  s u l f i d e  o r  d i s u l ­
f i d e  on th e  0 -0  bond o f  BPO and th e  I n i t i a l  fo rm a t io n  o f  an Io n ic  
com plex . The p ro p o sed  mechanism Is  s u p p o r te d  by d a t a  o b ta in e d  from 
k i n e t i c ,  p r o d u c t ,  and s c a v e n g e r  s t u d i e s .  Our mechanism I s  compared 
and c o n t r a s t e d  t o  l i t e r a t u r e  s t u d i e s  on p e r t i n e n t  sy s te m s .
PART I I
The r a t e  c o n s t a n t s  f o r  h o m o ly s is  o f  a  w ide v a r i e t y  o f  I n i ­
t i a t o r s  i n c lu d in g  d l a l k y l  p e r o x i d e s ,  d l a c y l  p e r o x i d e s ,  and p e r e s t e r s ,  
have been  d e te rm in e d  In  a  s e r i e s  o f  a lk a n e  s o l v e n t s .  The v i s c o s i t y  
dependence  o f  th e  r a t e  c o n s t a n t  I s  used  to  d e te rm in e  th e  mode o f  decom­
p o s i t i o n  o f  the i n i t i a t o r .  I n i t i a t o r s  w hich decompose by th e  h o m o ly s is  
o f  o n ly  one bond have r a t e  c o n s t a n t s  t h a t  d e c r e a s e  w i th  I n c r e a s i n g  s o l ­
v e n t  v i s c o s i t y .  I n i t i a t o r s  t h a t  decompose by t h e  s im u l ta n e o u s  s c i s ­
s io n  o f  more th a n  one bond have r a t e  c o n s t a n t s  t h a t  a r e  In d e p e n d e n t  o f  
s o lv e n t  v i s c o s i t y .  S e m i - q u a n t i t a t i v e  p r e d i c t i o n s  have been  made con­
c e r n in g  th e  f r a c t i o n  o f  caged  r a d i c a l s  t h a t  r e fo rm  t h e  I n i t i a t o r  In  
th e  c a s e  o f  one-bond I n i t i a t o r s .
x l
i. imomxrBtw
B«c«ui« o f  I t s  u t i l i t y  « •  *  f r e e  r a d i c a l  i n i t i a t o r ,  benzoy l 
p e ro x id e  (BPO) h as  bean w id e ly  s tu d i e d .  At M oderate te m p e ra tu re s  BPO 
decomposes t o  g iv e  benaoyloxy r a d i c a l s  ( e q .  l )  which can  e i t h e r  d e -  
c a r b o x y la te  (e q .  2 )  o r  r e a c t  w ith  a n o th e r  r a d i c a l  ( e q .  3 ) o r  w i th  th e  
s o lv e n t  (e q .  k) .
BPO -» 2PhC0e * (1 )
PfaC02 * -» Ph’ +  C0Z (2 )
R* +  PhCOa * PhCOaR ( 3 )
QH + PhC02 * -» Q* +  PbCOsH (h)
We have s tu d ie d  t h e  d eco m p o s it io n  o f  BPO u n d e r  a  v a r i e t y  o f  c o n d i t i o n s .  
In  s tu d y in g  th e  d e c o m p o s it io n  o f  BPO in  th e  p re se n c e  o f  t - b u t y l  d i s u l ­
f i d e  (TSST), we h ave  d is c o v e re d  an i n t e r e s t i n g  phenomenon. BPO does 
n o t  undergo  th e  t y p i c a l  r a d i c a l  d e c o m p o s it io n ;  I n s t e a d ,  I t  r e a c t s  w ith  
TSST. We have ex ten d ed  t h i s  s tu d y  to  In c lu d e  a  number o f  s u l f i d e s  and 
d i s u l f i d e s .
We have o b se rv ed  t h a t  b o th  s u l f i d e s  and d i s u l f i d e s  can be  
o x id i s e d  t o  th e  c o r re s p o n d in g  s u l f o x id e  and t h l o l s u l f l n a t e  by benaoy l 
p e ro x id e  (BPO). T h is  r e a c t i o n  I s  f i r s t - o r d e r  i n  p e ro x id e  and f i r s t  
o r d e r  In  s u l f i d e  o r  d i s u l f i d e .  We w ish  t o  p ropose  a  mechanism In v o lv ­
in g  t h e  n u c l e o p h l l l c  a t t a c k  o f  th e  s u l f i d e  o r  d i s u l f i d e  on t h e  0 -0  
bond o f  BPO and t h e  I n i t i a l  f o rm a t io n  o f  th e  c o a ^ le x  1 ,  where R ' i s  an 
a lk y l  o r  a r y l  group f o r  s u l f i d e s  and a  t h l y l  group f o r  d i s u l f i d e s .
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A f t e r  o u r  I n v e s t i g a t i o n  was c o m p le te d ,  we d i s c o v e r e d  t h a t  
H o rn e r1 had  p r e v i o u s l y  o b s e rv e d  t h a t  s u l f i d e s  en h a n c e  t h e  r a t e  o f  d e ­
c o m p o s i t io n  o f  BPO* He p o s t u l a t e d  t h e  In v o lv e m e n t  o f  t h e  n o n -b o n d ed  
e l e c t r o n s  on s u l f u r  i n  a  r e a c t i o n  w hich  i s  f i r s t  o r d e r  i n  s u l f i d e  and 
f i r s t  o r d e r  i n  p e r o x i d e .  However, i t  i s  n o t  c l e a r  from  h i s  s t u d i e s  
w h e th e r  t h e  r e a c t i o n  g o es  by a  r a d i c a l  o r  p o l a r  m echan ism .
We h av e  I n v e s t i g a t e d  v a r i o u s  a s p e c t s  o f  t h e  r e a c t i o n  o f  BPO 
w i th  s u l f i d e s  and  d i s u l f i d e s .  In  o r d e r  t o  d e te r m in e  t h e  n a t u r e  o f  t h e  
r e a c t i o n  and  I n  p a r t i c u l a r  w h e th e r  i t  I s  i o n i c  o r  r a d i c a l  i n  n a t u r e ,  
we h av e  c a r r i e d  o u t  s c a v e n g e r ,  p r o d u c t ,  and p o l y m e r i z a t i o n  s t u d i e s ,  
and h av e  o b s e rv e d  t h e  s o l v e n t  e f f e c t  and  t h e  e f f e c t  o f  a d d e n d s .  We 
have  s t u d i e d  t h e  r a t e  o f  r e a c t i o n  a s  a  f u n c t i o n  o f  t h e  n a t u r e  o f  t h e  
s u l f i d e  o r  d i s u l f i d e ,  and  we a l s o  h av e  d e te r m in e d  t h e  s t o i c h i o m e t r y  o f  
t h e s e  r e a c t i o n s .  We w i l l  p r o p o s e  a m echanism  w h ich  i s  c o n s i s t e n t  w i t h  
a l l  o u r  e x p e r i m e n t a l  o b s e r v a t i o n s .  I n  a d d i t i o n ,  we s u g g e s t  t h a t  t h i s  
sy s te m  m ig h t  be  o f  s y n t h e t i c  u t i l i t y  f o r  t h e  o x i d a t i o n  o f  s u l f i d e s  and 
d i s u l f i d e s  u n d e r  r e l a t i v e l y  m i ld  c o n d i t i o n s .
A. RELATED STUDIES
A number o f  s t u d i e s  h a v e  b e e n  p u b l i s h e d  w h ich  a r e  r e l e v a n t  
t o  o u r  w o rk . A b r i e f  r e v ie w  o f  t h e s e  r e a c t i o n s  i s  i n s t r u c t i v e  in  i l ­
l u s t r a t i n g  t h e  Im p o r ta n c e  o f  t h e  o x i d a t i o n  o f  s u l f i d e s  and d i s u l f i d e s  
by BPO. I t  i s  w e l l  known t h a t  s u l f i d e s  c a n  b e  o x i d i z e d  by
3m o n o s u b s t i tu t e d  p e r o x id e s  o f  t h e  form (XOOH), w here X I s  a  h y d ro g e n ,  
a l k y l ,  o r  a c y l  g ro u p .  T h is  sy s te m  h a s  been  s tu d i e d  i n  d e t a i l  and h a s  
been  r e c e n t l y  rev iew ed  by E d w a rd s .2 In  g e n e r a l ,  t h i s  r e a c t i o n  In ­
v o lv e s  a  n u c l e o p h l l l c  a t t a c k  o f  th e  s u l f i d e  on th e  0 - 0  p e r o x l d l c  bond
o f  th e  p e r o x id e  accom panied  by a  hyd rogen  t r a n s f e r  In  t h e  t r a n s i t i o n
s t a t e .  The r a t e  I s  f i r s t  o r d e r  i n  s u l f i d e  and f i r s t  o r  second  o r d e r  
i n  p e r o x id e  (d e p e n d in g  on th e  s o lv e n t  sy s te m  and th e  n a t u r e  o f  t h e  
p e r o x i d e ) .  The o x i d a t i o n  o f  s u l f i d e s  by BPO i s  an a lo g o u s  t o  th e  o x i ­
d a t i o n  o f  s u l f i d e s  by m o n o s u b s t l tu te d  p e r o x id e s  i n  t h a t  b o th  In v o lv e  
a  n u c l e o p h l l l c  a t t a c k  on th e  p e r o x id e .
The r e a c t i o n  o f  BPO w i th  am ines  i s  w e l l  known and h a s  been  
s t u d i e d  i n  d e t a i l . 3 P ro d u c t  s t u d i e s  o f  th e  r e a c t i o n  o f  BPO w i th  p r i ­
m ary , s e c o n d a ry ,  and t e r t i a r y  am ines w ere  c a r r i e d  o u t  a s  e a r l y  a s  
1925 . 4 W a l l in g 5 and  O 'D r i s c o l l 6 s tu d i e d  th e  k i n e t i c s  o f  t h e  r e a c t i o n  
o f  BPO w i th  t e r t i a r y  am ines and found t h a t  t h e  r a t e  was a p p ro x im a te ly  
f i r s t  o r d e r  i n  e a c h .  On th e  b a s i s  o f  t h e  p ro d u c t  s t u d i e s  o f  H o rn e r7 
and t h e  s o lv e n t  e f f e c t  and I n i t i a t o r  e f f i c i e n c y  s t u d i e s  o f  W a l l i n g ,5 
s e v e r a l  o b s e r v a t i o n s  c a n  be made. The r a t e  c o n s ta n t  i n c r e a s e s  w i th  
I n c r e a s i n g  s o lv e n t  p o l a r i t y ;  how ever, r a d i c a l s  w hich c a n  I n i t i a t e  
p o ly m e r i z a t io n  a r e  p roduced  In  t h e  r e a c t i o n ,  b u t  In  low e f f i c i e n c y .
In  s p i t e  o f  t h e  p l e t h o r a  o f  work t h a t  h a s  b een  c a r r i e d  o u t  on t h i s  
sy s tem  by numerous w o r k e r s ,3 t h e r e  I s  s t i l l  doub t a s  t o  th e  e x a c t  
m echanism . However, I t  I s  known w i th  some d e g re e  o f  c e r t a i n t y  t h a t  
t h e  I n i t i a l  i n t e r m e d i a t e  I s  t h e  com plex ( I I ) .  The n a t u r e  o f  t h i s  r e ­
a c t i o n  w i l l  be d i s c u s s e d  I n  d e t a i l  l a t e r .
S k e l l  and E p s t e i n 8 have  r e p o r t e d  t h a t  th e  o x i d a t i o n  o f  s u l  
f l d e s  by t - b u t y l  h y p o c h l o r i t e  I n v o lv e s  an  i n t e r m e d i a t e  a lk o x y  s u l f o -  
nium s a l t  somewhat a n a lo g o u s  t o  I ,  w hich s u b s e q u e n t ly  decom poses.
W a l l in g  and M ln tz 9 have  shown t h a t  su ch  a  s im p le  scheme does  n o t  a c ­
c o u n t  f o r  th e  I n d u c t io n  p e r i o d ,  s t o i c h i o m e t r y ,  and m a jo r  p r o d u c t s .  
However, th e y  do a g re e  w i th  th e  i n i t i a l  f o rm a t io n  o f  th e  s a l t .  We 
I n te n d  t o  d i s c u s s  th e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  and d i s u l f i d e s ,  
sy s tem  w hich i n c o r p o r a t e s  t h e s e  p r i n c i p l e s .
RsS + t-BuOCl -*■ (6 )
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I I .  RESULTS
A. STUDIES TO DISTINGUISH RADICAL FRGH IONIC REACTIONS
In  o r d e r  t o  d e te rm in e  t h e  n e t u r e  o f  th e  r e e c t l o n  o f  BPO 
w ith  s u l f i d e s  and d i s u l f i d e s , we have  c a r r i e d  o u t  k i n e t i c  s t u d i e s .
We have fo l lo w e d  t h e  d i s a p p e a ra n c e  o f  BPO I n  i t s  r e a c t i o n  w i th  s u l f i d e s  
and d i s u l f i d e s  by m o n i to r in g  th e  c a rb o n y l  peak  a t  1770 cm- 1 . Our 
k i n e t i c  s t u d i e s  I n d i c a t e  t h a t  t h e  r e a c t i o n  o f  BPO w ith  s u l f i d e s  and d i ­
s u l f i d e s  i s  f i r s t  o r d e r  I n  BPO and f i r s t  o r d e r  In  s u l f i d e  o r  d i s u l f i d e .  
The second  o r d e r  r a t e  c o n s t a n t  can  be o b ta in e d  by u s in g  t h e  r e l a t i o n ­
s h i p 10
6n -  k t  (7 )Bo - Ao BqA
where A i s  t h e  c o n c e n t r a t i o n  o f  s u l f i d e  o r  d i s u l f i d e  and B i s  t h e  con ­
c e n t r a t i o n  o f  BPO. P l o t s  o f  &{b / a ) v e r s u s  t  a r e  shown In  F ig u re  1 f o r  
t h e  r e a c t i o n  o f  BPO w i th  l s o - b u t y l  s u l f i d e .  The second  o r d e r  r a t e  
c o n s t a n t s  o b ta in e d  from t h e  s lo p e s  o f  th e  l i n e s  g iv e n  I n  t h i s  F ig u re  
a r e  l i s t e d  In  T a b le  I .
In  t h e  p r e s e n c e  o f  e x c e s s  s u l f i d e  o r  d i s u l f i d e , th e  r a t e  
c o n s ta n t  f o r  t h e  d e c o m p o s i t io n  o f  BPO i s  p s e u d o -u n lm o le c u la r .  We have 
s tu d i e d  t h e  r a t e  o f  d e c o m p o s i t io n  o f  BPO a s  a  f u n c t io n  o f  th e  concen ­
t r a t i o n  o f  BPO, c o n c e n t r a t i o n  o f  t h e  s u l f i d e  o r  d i s u l f i d e ,  n a t u r e  o f  
t h e  s u l f i d e  o r  d i s u l f i d e ,  and t e m p e r a tu r e .  The f i r s t  o r d e r  r a t e  con ­
s t a n t  f o r  t h e  d e c o m p o s i t io n  o f  BPO i n  th e  p r e s e n c e  o f  v a r i o u s  s u l f i d e s  
i n  CC14 I s  shown i n  T ab le  I I .  V ary in g  th e  c o n c e n t r a t i o n  o f  s u l f i d e  













tim e  ( h r )
FIGURE 1 . A p l o t  o f  Bn (B P O /su lf Id e )  v e r s u s  tim e  f o r  
t h e  r e a c t i o n  o f  BPO w i th  I s o b u t y l  s u l f i d e  
a t  v a r i o u s  c o n c e n t r a t i o n s .
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TABLE I
SECOND ORDER RATE COtSXANTS FOR THE REACTION OF 
ISO-BUTYL SULFIDE WITH BPO AT 41° IN CCl4
102 (BP0)o i o 2 ( r s r ) 0 103 k(M“ 1 S - 1) a
4 .0 1 9 .8 4 5 .5 5
4 .0 6 19-1 5-87
4 .0 7 3 1 .9 5 . 8 5
a . Rate c o n sta n t was c a lc u la te d  u s in g  eq . 7*
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TABLE I I
RATE CONSTANTS FOR THE DISAPPEARANCE OF
BPO IN THE PRESENCE OF SULFIDES AT b l °
1 0 2 (B P 0 )o RSR.R - 1 0 2 (R SR )o l O ^ f s e c ' 1) 103 k * (M“ 1S _ 1 ) a
it . 0 3 i s o - b u t y l It. 80 l ^ 6 . 6 8
U.01 i s o - b u t y l 9-SL. ^ . I 3 b 5 . 2 8
i t . 0 6 i s o - b u t y l 1 9 .1 9.9*+ 5 . 8 2
*4.07 i s o - b u t y l 31*9 1 6 . *t 5 .7 1
i t . 0 7 i s o - b u t y l 3 7 - 3 2 5 .O 7 . 0 8
i t . 0 2 t - b u t y l 3 2 . 5 1 . 1 9 0 . 3 9
It. 0 8 s e c - b u t y l 3 1 . 8 3 * 7 6 1 . 2 6
I t .0 7 p ro p y l 3 1 . 7 2 6 . 8 9 . 0 7
U. 0 5 m eth y l L8 . 6 J+6 . 5 9 . 9 7
a .  The second  o r d e r  r a t e  c o n s t a n t  ( k ' )  i s  d e te rm in e d  by d i v i d i n g  th e  
f i r s t  o r d e r  r a t e  c o n s t a n t  by th e  a v e ra g e  c o n c e n t r a t i o n  o f s u l f i d e  
o v e r  t h e  c o u r s e  o f  th e  r e a c t i o n .
b . S in c e  th e  c o n c e n t r a t i o n  o f  s u l f i d e  i s  n o t  c o n s t a n t  o v e r  t h e  c o u r s e  
o f  t h e  r e a c t i o n , t h e r e  i s  same e r r o r  In t r o d u c e d  i n t o  th e  c a l c u l a ­
t i o n s  o f  t h e  f i r s t  o r d e r  r a t e  c o n s t a n t s .  However, t h e s e  v a lu e s  
have been  added f o r  th e  sake  o f  c o m p le t io n .
8
9when th e  c o n c e n t r a t i o n  o f  s u l f i d e  d o u b le s .  Second o r d e r  r a t e  c o n s ta n t s
have been c a l c u l a t e d  from th e  f i r s t  o r d e r  r a t e  c o n s ta n t s  by d i v i d i n g
*
th e  f i r s t  o r d e r  r a t e  c o n s ta n t  by th e  a v e rag e  c o n c e n t r a t i o n  o f  th e  
s u l f i d e .  The second o rd e r  r a t e  c o n s ta n t  d e te rm in e d  by t h i s  method 
shows good agreem ent w ith  th e  second o rd e r  r a t e  c o n s ta n t s  c a l c u l a t e d  
from eq . 7.
A nalogous s t u d i e s  have been c a r r i e d  o u t  In  CC14 a t  60° f o r  
th e  r e a c t i o n  o f  BPO w ith  d i s u l f i d e s .  Second o r d e r  r a t e  c o n s ta n t s  were 
d e te rm in ed  by th e  method d e s c r ib e d  in  th e  p r e c e d in g  p a ra g ra p h .  These 
r e s u l t s  a r e  shown In  T a b le  I I I .  We have a l s o  c a r r i e d  o u t  r a t e  s tu d i e s  
a t  100° f o r  th e  r e a c t i o n  o f  BPO w ith  v a r io u s  s u l f i d e s  and d i s u l f i d e s  
( s e e  T ab le s  IV and V ). However, t h e  r e a c t i o n s  a r e  more complex a t  
h igh  te m p e ra tu re s  because  o f  com peting  h o m o ly tlc  d eco m p o s it io n  o f  BPO. 
T h is  co m p lex ity  I s  r e f l e c t e d  in  th e  v a r i a t i o n  o f  th e  second o rd e r  r a t e  
c o n s ta n t  f o r  th e  r e a c t i o n  o f  BPO w i th  TSST ( se e  T ab le  IV ) . At low 
c o n c e n t r a t i o n s  o f  TSST t h e r e  I s  a s i g n i f i c a n t  amount o f  hom olysls  oc­
c u r r i n g ,  c a u s in g  th e  o b se rv ed  r a t e  c o n s ta n t  to  be h ig h e r  th a n  can be 
acco u n ted  f o r  by th e  b lm o le c u la r  r e a c t i o n  o f  BPO w ith  TSST. The BPO- 
s u l f l d e  s t u d i e s  were g e n e r a l ly  c a r r i e d  ou t a t  lower t e m p e ra tu re s  th a n  
th e  B P O -d lsu lf id e  s t u d i e s ,  s in c e  s u l f i d e s  a r e  more r e a c t i v e  toward 
BPO th a n  a r e  d i s u l f i d e s .
The o r d e r  o f  r e a c t i v i t y  o f  s u l f i d e s  and d i s u l f i d e s  w i th  BPO 
(se e  T a b le s  I I ,  I I I ,  and V) I s  m ethy l s u l f i d e  >  p ro p y l  s u l f i d e  >  
l s o b u t y l  s u l f i d e  >  s e c - b u t y l  s u l f i d e  >  t - b u t y l  s u l f i d e  >  m ethy l d i ­
s u l f i d e  >  e t h y l  d i s u l f i d e  >  p ro p y l  d i s u l f i d e  >  t-am y l d i s u l f i d e  ^
*
See f o o tn o te  a ,  T ab le  I I
TABLE I I I
RATE CONSTANTS FOR THE DECOMPOSITION OF
BPO IN THE PRESENCE OF DISULFIDES AT 60°
1 0 S {BPO) RSSR R - 10£ (R SSR )o lO ^ k fsec"  *) 1 0 ^ ' ( m -  1S * 1) a
i*. 0 6 m e th y l 6 5 . 7 3 . 6 4 5 .9 0
i t . 0 8 e t h y l 6 4 , 3 2 . 4 0 3 . 8 5
4 . 0 5 p ro p y l 6 3 . 8 2 . 2 4 3 . 6 3
4 .  05 I s o - p r o p y l 6 4 . 1 I .0 3 1 . 6 6
4 . 0 8 t - b u t y l 6 4 . 2 2 . 3 7 3 . 8O
it . 11 s e c - b u t y l 6 4 . 1 O . 9 0 5 1 . 4 6
i t . 0 9 i s o - b u t y l 6 2 . 0 2 . 3 2 3 . 8 7
it.  0 7 t - b u t y l  s u l f i d e 6 4 . 2 1 4 . 6 2 3 . 4 7
a .  See f o o tn o t e  b ,  T a b le  I I .
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TABLE IV
RATE CONSTANTS FOR DECOMPOSITION OF
BPO IN THE PRESENCE OF TSST AT 100°
103 (BPO)o 10(TSST)Q 1 0 s ec” 2) l0 3k '(M ~aS- 1 ) a
7 .6 0 — 3.20 —
5 .55 O.O8O5 3 . t o —
5 .70 0 .2 5 5 I+.25 2 0 .6
11.0 0 .5 0 9 5.52 12 .2
7 .6 8 0 .8 8 6 7 .29 8 .6 0
10. U 1.80 1 2 .8L 7.35
1 0 . 6b 1 .8 6 1 2 .1L 6 . 8 2
8 9 . 2 1 .75 10.62 7 .88
162.0 1 .76 8 .9 ^ 9 .3 1
11.1 cn e a t 3 .9 8 0 . 0 7 2
3 7 .7
dn e a t h9.1 0 . 89^
11 .2 1 .86 1 3 .3e 7 .35
a .  See f o o tn o te  b ,  T ab le  I I .
b .  Sample was d e g a s se d .
c .  S o lv e n t  l a  n e a t  TSST ( 5 . 5  M a t  25° )  a t  4 1 .5 ° .
d .  S o lv e n t  I s  n e a t  TSST a t  6 ? .5 ° .
e .  S ty re n e  ( 0 .2  M) was added .
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TABLE V
RATE OF DECOMPOSITION OF BPO IN C C l4 IN THE PRESENCE OF 
VARIOUS SULFIDES AND D IS U lf  IDES AT 100°
102 (BP0)o
S u l f id e  o r  
D i s u l f id e
10(RSR)o 
o r  {RSSR)o lO ^kfsec"  -1) 1 0 ^
1.12 i s o - b u t y l  s u l f i d e 2 . 3 2 2 3 0 .0 101.0
1 .16 t - b u t y l  s u l f i d e 1 .77 61 .2 3 6 .0
1.2U b u ty l  d i s u l f i d e 1 .68 17.3 1 0 . 7
1 .7 0 m ethyl d i s u l f i d e 1.70 I 6 . 3 10 .1
1 .1 8 p ro p y l  d i s u l f i d e 1 .79 15.1 8 .75
1 .11 t-am y l d i s u l f i d e 1 .7 8 1 2 .2 7 .1 0
l.OU t - b u t y l  d i s u l f i d e 1 .8 6 12 .1 6 . 6 8
1 .16 is o - p r o p y l  d i s u l f i d e 1 .75 8 .50 5.03
1 .2 2 s e c - b u t y l  d i s u l f i d e 1.71* 8 .6 9 5 .17
1.19 t - b u t y l  t h i o l 1.61* 6 . 6 9 i*.2 i*
1 .15 phenyl s u l f i d e 0 .5 1 5 U.38 9*55
1.12 pheny l s u l f i d e 8 . 1*2 2 5 .8 3 3 .O8
1 .55 pheny l d i s u l f i d e 1.88 2 .9 0 —
o.8o pheny l d i s u l f i d e 1.96 5 .2 0 —
0 . 7 6 — — 3.20 —
a .  See f o o tn o te  b ,  Table  I I .
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t - b u t y l  d i s u l f i d e  >  l s o - b u t y l  d i s u l f i d e  a; l s o - p r o p y l  d i s u l f i d e  a; s e c -  
b u t y l  d i s u l f i d e  a* b en * y l  d i s u l f i d e  >  t - b u t y l  t h i o l  m p h en y l  d i s u l f i d e .
The o r d e r  o f  r e a c t i v i t i e s  l i s t e d  above I l l u s t r a t e s  s e v e r a l  
f e a t u r e s .  S u l f i d e s  a r e  g e n e r a l l y  more r e a c t i v e  th a n  d i s u l f i d e s .  The 
r a t e  c o n s t a n t  f o r  th e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  and d i s u l f i d e s  d e ­
c r e a s e s  as  th e  a l k y l  s u b s t i t u e n t  a t  th e  p o s i t i o n  a  t o  th e  s u l f u r  atom 
becomes more b u lk y .  T h is  s t e r l c  e f f e c t  c o u ld  be a t t r i b u t e d  t o  h i n ­
d ra n c e  o f  a  n u c l e o p h l l i c  a t t a c k  by th e  s u l f i d e  o r  d i s u l f i d e  on BPO.
The s t e r l c  e f f e c t  i s  p a r t i c u l a r l y  o b v io u s  when s u l f i d e s  a r e  h ig h ly  
s u b s t i t u t e d  a t  t h e  Q f-p o s i t io n ;  f o r  ex am p le , compare t h e  r a t e  c o n s t a n t s  
l i s t e d  In T a b le  11.
1. S o lv e n t  E f f e c t
In  o r d e r  t o  g a in  some I n s i g h t  i n t o  th e  n a tu r e  o f  t h e  t r a n s i ­
t i o n  s t a t e  i n  th e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  and d i s u l f i d e s ,  we 
have s t u d i e d  th e  k i n e t i c s  as  a  f u n c t io n  o f  s o lv e n t  p o l a r i t y .  T a b le  VI 
shows t h a t  t h e r e  i s  an  I n c r e a s e  in  th e  r a t e  o f  d i s a p p e a r a n c e  o f  BPO 
w ith  i n c r e a s i n g  s o lv e n t  p o l a r i t y .  T h is  i s  c o n s i s t e n t  w i th  t h e  form a­
t i o n  o f  a p o l a r  com plex i n  t h e  r a t e  d e te r m in in g  s t e p .  However, th e
m agn itude  o f  th e  change  i n  t h e  r a t e  c o n s ta n t  i s  s m a l l  compared t o  many
i o n i c  r e a c t i o n s , 11 and s h o u ld  n o t  be  c o n s id e r e d  a s  c o n c l u s iv e  e v id e n c e  
f o r  an  i o n i c  r e a c t i o n .
2 .  E f f e c t  o f  Addends on t h e  R a te  C o n s ta n t
We have added v a r io u s  compounds i n  o r d e r  t o  d e te rm in e
th e  e f f e c t  on t h e  r a t e  o f  d e c o m p o s i t io n  o f  BPO in  t h e  p r e s e n c e
TABLE VI 
RATE OF DECOMPOSITION OF BPO AS 
A FUNCTION OF SOLVENT POLARITY
102 (BP0)o 10(TSST)o S o lv e n t 10 “k ETa
2 . 0 2 1 .9 8 CC14 2 . 7 2 3 2 .5
1 .9 7 2 . 0 0 CHCI3 6 . 2 9 39 .1
2 . 0 1 2 . 0 5 PhH 5 . 6 6 5 4 .5
2 . 0 1 2 . 0 2 PhCl 4 .0 0 5 7 .5
1 . 8 6 1 .9 8 C C l4 3 . l 7 b 3 2 .5
1 .7 8 2 . 0 5 CC14 3 . 42c 3 2 .5
1 .9 2 2 .0 1 CH2C I3 6 . 5 7 4 1 .9
1.91 1-98 CHpCl2 7 .4 0 41 .1
2 . 0 0 2 .0 0 CH3OH 2 7 .7 55 .5
a .  F or  a d i s c u s s i o n  o f  E j ,  see  E. M. Kosower, "An I n t r o d u c t i o n  to  
P h y s i c a l  O rgan ic  C h e m is t ry " ,  p .  3^5» 1968.
b .  T h is  sam ple c o n t a i n s  0 .0 0 7 2  M C I3CCO2H.
c .  T h is  sam ple c o n t a i n s  0 .0 2 5 6  M C l3CC0£H.
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o f  TSST. B e n z o ic  a c i d  h a s  no a p p a r e n t  e f f e c t  on t h e  r a t e  c o n s t a n t ,  
w h e re a s  t r i c h l o r o a c e t i c  a c i d  i n c r e a s e s  t h e  r a t e  c o n s t a n t  s l i g h t l y  and 
b e n z o ic  a n h y d r id e  d e c r e a s e s  t h e  r a t e  c o n s t a n t  s l i g h t l y .  T h ese  r e ­
s u l t s  a r e  shown In  T a b le  V I I .
B en zo ic  a c i d  and t r i c h l o r o a c e t i c  a c i d  w ere  c h o s e n  as  ad d en d s  
t o  t e s t  t h e  e f f e c t  o f  a c i d  c a t a l y s i s  on  t h e  r e a c t i o n  o f  BPO w i th  t -  
b u t y l  d i s u l f i d e  (T S S T ). S in c e  b e n z o ic  a c i d  I s  one o f  t h e  r e a c t i o n  
p r o d u c t s ,  i t  I s  o f  p a r t i c u l a r  i n t e r e s t  t o  d e t e r m in e  i t s  e f f e c t  on  t h e  
k i n e t i c s .  B e n z o ic  a n h y d r id e  I s  a l s o  a  p r o d u c t  o f  t h e  r e a c t i o n ,  and
I t s  e f f e c t  on t h e  r a t e  c o n s t a n t  I s  o f  i n t e r e s t  f o r  t h e  same r e a s o n .
*
>. S c a v e n g e r  S t u d i e s
We h av e  exam ined  t h e  p o s s i b i l i t y  o f  a  r a d i c a l  r e a c t i o n  
be tw een  BPO and  s u l f i d e s  o r  d i s u l f i d e s  by em p lo y in g  s c a v e n g e r  t e c h n i ­
q u e s .  A number o f  s c a v e n g e r  s t u d i e s  h av e  shown t h a t ,  e x c e p t  In  some 
anom alous  c a s e s ,  t h e  r e a c t i o n  o f  BPO w i t h  s u l f i d e s  and  d i s u l f i d e s  I s  
n o t  r a d i c a l  In  n a t u r e .  In  t h e  f o l l o w i n g  s e c t i o n s ,  t h e s e  s t u d i e s  w i l l  
be com pared  t o  a n a lo g o u s  s t u d i e s  c a r r i e d  o u t  on s i m i l a r  s y s te m s .
a .  The E f f e c t  o f  S ty r e n e  and  Oxygen on th e  K i n e t i c s  o f  t h e  
B P O -S u lf id e  System :
We h av e  s t u d i e d  t h e  In v o lv e m e n t  o f  r a d i c a l s  in  t h e  BPO- 
s u l f l d e  sy s te m  by e x a m in in g  t h e  k i n e t i c s  In  t h e  p r e s e n c e  o f  s t y r e n e  
a s  a  s c a v e n g e r .  The a d d i t i o n  o f  0 . 2  M s t y r e n e  h a s  no e f f e c t  on t h e  
r a t e  o f  d e c o m p o s i t io n  o f  BPO i n  t h e  p r e s e n c e  o f  TSST ( s e e  T a b le  IV ) .  
T h is  I n d i c a t e s  t h a t  t h e r e  a r e  no r a d i c a l s  form ed i n  t h e  s y s te m ,  o r
TABLE VII
RATE OF DECOMPOSITION OF BPO IN THE PRESENCE
OF TSST AT 80° IN CCl4 WITH ADDENDS
(BP0)o (TSST) 0 Addend
C o n c e n tr a t io n  
o f  Addend lO'Mtfsec" A)
0 .0 2 0 2 0 .1 9 8 — 2 .7 2
0.0186 0 .1 9 8 CI3CCO2H 0.00716 3 .17
0.0178 0 .2 0 5 C13CC0^H 0 .0 2 5 6 3.1*2
0 .0186 0 .2 0 1 PhCOpH 0 .0 2 6 6 2 .5 8
0 .0 1 9 0 0 . 2 0 5 PhCOsH 0.01*95 2.81
0 .0 1 9 0 0 .2 0 5 (PhCO)^O 0 . 0 1 2 7 2 . 6 2
0 .0 1 9 2 0 . 2 0 L (PhCOjaO 0 . 0 2 7 6 1.97
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a t  l e a s t  none c a p a b le  o f  c a u s in g  th e  Induced  d eco m p o s it io n  o f  BPO.
As an a d d i t i o n a l  t e s t  f o r  r a d ic a l - I n d u c e d  d eco m p o s it io n  o f  BPO, we 
have examined th e  k i n e t i c s  o f  th e  BPO-TSST system  in  th e  p re se n c e  and 
absence  o f  oxygen. The r a t e  c o n s ta n t  f o r  th e  d is a p p e a ra n c e  o f  BPO i s  
th e  same when th e  samples have been  deg assed  as when th e  sam ples a re  
a llow ed  to  r e a c t  in  the  p re se n c e  o f  a i r .  Oxygen, l i k e  s t y r e n e ,  can 
behave as  a sc a v e n g e r  by r e a c t i n g  w i th  r a d i c a l s  c a p a b le  o f  c a u s in g  
Induced d e c o m p o s it io n .  These s t u d i e s  t h e r e f o r e  i n d i c a t e  t h a t  t h e r e  
Is  no ev id e n c e  f o r  r a d i c a l - i n d u c e d  d e c o m p o s it io n  In th e  r e a c t i o n  o f  
BPO w ith  s u l f i d e s  and d i s u l f i d e s .
However, i n  c o n t r a s t  to  o u r  s u l f u r  sy s tem , th e  BPO-amine 
system  may w e l l  In v o lv e  a r a d i c a l  component. Hrabak and VackI ?  s tu d ie d  
th e  e f f e c t  o f  DPPH on th e  r e a c t i o n  o f  BPO w ith  t e r t i a r y  am ines. These 
w orkers  have o b se rv e d  a s lo w er  r a t e  c o n s ta n t  In  th e  p re se n c e  o f  DPPH, 
I n d i c a t i n g  t h a t  t h e r e  i s  some r a d ic a l - I n d u c e d  d eco m p o s it io n  o f  BPO in  
th e  p re se n c e  o f  t e r t i a r y  am ines.
b .  G a lv ln o x y l :
The f r e e  r a d i c a l  g a lv ln o x y l  i s  known to  be a  good r a d i c a l  
s c a v e n g e r . 18 Our g a lv ln o x y l  s t u d i e s  I n d i c a t e  t h a t  e x c e p t  f o r  th e  
anomalous ca se  o f  m ethy l d i s u l f i d e ,  th e  r e a c t i o n  o f  BPO w ith  s u l f i d e s  
and d i s u l f i d e s  I s  n o t  r a d i c a l  In  n a t u r e .  We have found t h a t  I f  BPO 
I s  a l low ed  to  decompose In  CC14 In  th e  p re se n c e  o f g a lv ln o x y l ,  89$ o f  
t h e  f r e e  r a d i c a l s  t h e o r e t i c a l l y  formed a r e  scavenged . However, th e  
a d d i t i o n  o f  TSST c a u se s  a d e c re a s e  i n  th e  d e s t r u c t i o n  o f  g a lv ln o x y l  
w hich i n d i c a t e s  a d e c re a s e  In  th e  number o f  r a d i c a l s  form ed. I f  a
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s u f f i c i e n t  amount o f  d i s u l f i d e  I s  ad d e d ,  th e  Io n ic  r e a c t i o n  becomes 
so f a s t  t h a t  i t  a c c o u n ts  f o r  a l l  o f  th e  r e a c t i o n ;  hence no f r e e  
r a d i c a l s  a r e  formed and g a lv ln o x y l  i s  n o t  d e s t r o y e d .
The p e rc e n ta g e  o f  r a d i c a l  d e c o m p o s it io n  f o r  BPO in  th e  p r e ­
sence  o f  v a r io u s  d i s u l f i d e s  a s  a f u n c t io n  o f  c o n c e n t r a t i o n  i s  shown 
In  T ab le  V I I I .  In  a l l  c a s e s  e x c e p t  th e  BPO-methyI d i s u l f i d e  system  
th e r e  i s  l i t t l e  i f  any d is a p p e a ra n c e  o f  g a lv ln o x y l .  The h ig h  d e g re e  
o f  r a d i c a l  scav en g in g  In  th e  c a s e  o f  m ethy l d i s u l f i d e  I s  u n e x p la in e d .  
G a lv ln o x y l  was found to  be s t a b l e  in  a  b lan k  run  In  th e  p re se n c e  o f  
m ethyl d i s u l f i d e .  The p re s e n c e  o f or-hydrogens In  m ethy l d i s u l f i d e ,  
which can  a l t e r  th e  ro u te  o f  d e c o m p o s it io n  o f  th e  complex and th e  
p ro d u c ts  form ed, c o u ld  be th e  c a u se  o f  a r e a c t i o n  w ith  g a lv ln o x y l .
b. P o ly m e r iz a t io n  S tu d ie s :
O ther  s tu d i e s  t e s t i n g  th e  r a d i c a l  n a tu r e  o f  th e  r e a c t i o n  o f  
BPO w ith  d i s u l f i d e s  In v o lv e  th e  e f f e c t  o f  d i s u l f i d e s  on th e  r a t e  o f  
p o ly m e r iz a t io n  o f  s ty r e n e  (Rp). The d a ta  in  T ab le  IX I n d ic a t e  t h a t  
even though th e  r a t e  o f d is a p p e a ra n c e  o f  BPO I n c r e a s e s  upon th e  ad ­
d i t i o n  o f  s u l f i d e s  o r  d i s u l f i d e s ,  R d e c r e a s e s .P
I t  i s  p o s s i b l e  t h a t  th e  d e c re a s e  In  i s  due t o  d e g r a d a t lv e
c h a in  t r a n s f e r . 14 I f  t h i s  I s  t r u e ,  R^ f o r  s ty r e n e  would d e c re a s e  in
th e  p re se n c e  o f  s u l f i d e s  o r  d i s u l f i d e s  r e g a r d l e s s  o f th e  i n i t i a t o r .
We have found e s s e n t i a l l y  no change in  R when th e  I n i t i a t o r  i s
P
la u r o y l  p e ro x id e  (LPO) upon th e  a d d i t i o n  o f  d i s u l f i d e ;  t h e r e  i s  o n ly  
a s l i g h t  d e c re a s e  In  R^ when p o ly m e r iz a t io n  I s  I n i t i a t e d  by a z o ls o -  
b u t y l n l t r l l e  (AIBN) (see  T a b le  IX) .  I t  t h e r e f o r e  a p p e a rs  t h a t  th e
TABLE V III
REACTION OF BPO WITH SUICIDES AND DISULFIDES IN 
CC14 IN THE PRESENCE OF GALVINOXYL
103 (BP0)o 1 0 5 (G)o a
S u l f i d e  o r  
D i s u l f i d e
(RSR)o o r  
(RSSR)o
$  R a d ic a l  
R e a c t io n T°C
2 -5 9 3 .9 1 l a o - b u t y l  s u l f i d e 0 . 2 8 1 0 . 21+ 60
2 . 3 0 3 .91 m eth y l  d i s u l f i d e 0 .2 7 5 8 L .0 60
8 .T9 3 . 6 0 t - b u t y l  d i s u l f i d e 3 .0 5 0 80
0 . 01+6 3 . 6 0 — — 8 9 . 1* 80
0 . 01+6 3 . 6 0 t - b u t y l  d i s u l f i d e 0 . 0 1 7 8 31+.1* 80
0 . 01+6 3 .5 9 t - b u t y l  d i s u l f i d e 0 . 1 7 0 1 9 . 2 80
O .O I5 U. 16 - - - - 8 9 . 0 80
a .  G a lv ln o x y l .
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TABLE IX
RATE OF POLYMERIZATION OF STYRENE BY
RADICAL INITIATORS AT 6 0 °  IN THE PRESENCE OF DISULFIDES
I n i t i a t o r ( D o *
S u l f i d e  o r  
D i s u l f i d e
(RSR) o r
(RSSR)0 a ( S t y r e n e ) 0 a 105RpM {L-sec)
BPO . 0 1 0 8 8 .3 4 4 .2 3
BPO , 0 1 1 2 TSST 0 . 1 9 1 8 .1 4 1-91
BPO .0 1 0 9 IBuSlBu O . I 83 8 . 0 5 1 .8 3
BPO .0 1 1 8 - - - - 8 . 3 ^ 4 .4 4
LPO .0 1 1 4 — - - 8 .3 4 1 2 .1
LPO . 0 1 1 1 TSST 0 . 2 1 5 7 .9 9 1 1 . 6
AIBN .0 1 4 2 - - - - 8 .3 4 4 . 9 I
AIBN . 0 1 5 1 TSST 0 .2 1 2 7 .9 9 3 .9 9
BPO .0100 TSST O . 5 9 6 7 .3 7 0 . 9 2 0
BPO . 0 0 9 4 4 TSST 0 .9 6 3 6 .7 5 O . 58 I
BPO .O i lT CH3SSCH3 O . I 9 8 8 . 1 3 0 .8 1 7
BPO .0 1 1 2 ASSA 0 .2 3 4 7 .8 9 1 .9 7
a .  M o l a r i t i e s  a r e  a t  6 0 ° .
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d e c r e a s e  i n  R^ I s  due t o  a  n o n - r a d i c a l  p r o d u c in g  r e a c t i o n  b e tw e e n  t h e  
d i s u l f i d e  and  BPO. The a d d i t i o n  o f  t - a m y l  d i s u l f i d e  (ASSA) an d  I s o ­
b u t y l  s u l f i d e  h a s  a b o u t  th e  same e f f e c t  on a s  TSST. M e th y l  d i ­
s u l f i d e  h a s  a  s l i g h t l y  g r e a t e r  e f f e c t  on R^. A c o m p a r iso n  o f  t h e  
t r a n s f e r  c o n s t a n t  f o r  s u l f i d e s  and d i s u l f i d e s  ( f o r  a  s t y r y l  r a d i c a l )  
w i th  th e  c o r r e s p o n d i n g  e f f e c t  on th e  r a t e  o f  d e c o m p o s i t io n  o f  BPO 
shows no t r e n d  ( s e e  T a b le  X ).
5. A d d i t i o n  o f  O l e f i n s  a s  a  T e s t  f o r  R a d ic a l  R e a c t io n :
D u r in g  t h e  c o u r s e  o f  o u r  i n v e s t i g a t i o n  o f  th e  r e a c t i o n  o f  
BPO w i th  s u l f i d e s  and  d i s u l f i d e s ,  we have  d i s c o v e r e d  a n o t h e r  m ethod to
t e s t  th e  n a t u r e  o f  t h e  r e a c t i o n .  I f  BPO i s  a l lo w e d  t o  decom pose in
CC14 I n  t h e  p r e s e n c e  o f  2 - m e t h y l - 1 - b u t e n e , e s s e n t i a l l y  a l l  o f  t h e  
o l e f i n  d i s a p p e a r s ,  p re su m a b ly  b e c a u s e  o f  t h e  a d d i t i o n  o f  CC14 t o  t h e  
d o u b le  bond In  a  r a d i c a l  c h a i n  r e a c t i o n  ( e q s .  8  and  9 ) .  The t r l c h l o r o -  
m e th y l  r a d i c a l  i s  form ed by c h l o r i n e  a b s t r a c t i o n  from  C C l4 by a p h e n y l  
r a d i c a l  ( s e e  e q .  7 ) .
Ph- + CC14 -► PhCl +  *CC13 ( 8 )
•CC13 +  w  -► V  (9 )
' c c i 3
. . Cl
c c i 4 + r 7  -* + c c i3 - (10)
VCC13 '  CCI3
However, i f  t h e  r e a c t i o n  I s  c a r r i e d  o u t  I n  t h e  p r e s e n c e  o f  TSST t h e r e  
i s  v e ry  l i t t l e  d e c r e a s e  i n  t h e  o l e f i n  c o n c e n t r a t i o n . ( s e e  T a b le  X I ) .
The i n d i c a t i o n  i s  t h a t  e i t h e r  r a d i c a l s  w ere  n o t  fo rm ed  o r  t h a t  th e y  
were sc a v e n g e d  by TSST b e f o r e  r e a c t i n g  w i th  CC14. The n a t u r e  o f  t h e
TABLE X
A COMPARISON OF THE CHAIN TRANSFER CONSTANT TOWARD THE 
STYRYL RADICAL AT 6 0°  WITH THE EFFECT ON THE RATE OF
DECOMPOSITION OF BPO IN CC14 AT 100° FOR A SERIES OF DISULFIDES RSSR
R- 10 4C8 lO 'Htfsec" *)
— ----- 3 .2
Ph 1U70 3-3
lP r 6 . 6 8 .5
Ph-CH2 100. U . 9
(CH3 ) 3Cb 1.1* 1 2 .8
Me 9*+. 1 5 . T
Bu 22. 1 9 . 2
iBu 2 0 . 2 3 0 .
sBu 50. (5 0 °) 8 .7
TSTC 2 5 0 . 6 6 . h
TOOTb 6 3 .5
;> vniiipq o f  C w ere  t a k e n  from "Polym er Handbook", I n t e r s c i e n c e  
P u b l i s h e r s ,  N. Y . , 1 9 6 6 .
b .  t - B u t y l  p e r o x id e .
c .  t - B u t y l  s u l f i d e .
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TABLE XI
EFFECT OF TSST ON THE DECOMPOSITION OF BPO
IN THE PRESENCE OF 2 - METHYL-1-BUTENE
(BPO)q (TSST)q ( O l e f i n ) 0 (O le f in )* ,
0 -357 - 0 .4 5 8 0 .0 0 5 9
0 .3 3 7 0 .5 8 2 O.569 0 .5 3 1
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p ro d u c ts  formed when PAT I s  a l lo w ed  to  decompose In  TSST-CC14 I n d i ­
c a t e s  t h a t  TSST does n o t  scavenge pheny l r a d i c a l s  ( s e e  T a b le  IX ). In  
f a c t ,  th e  second o rd e r  r a t e  c o n s ta n t  which we have o b se rv ed  f o r  th e  
r e a c t i o n  o f  BPO w ith  s u l f i d e s  I n d ic a t e s  t h a t  th e  d is a p p e a ra n c e  o f  BPO 
can be a t t r i b u t e d  to  a b lm o le c u la r  r e a c t i o n  betw een TSST and BPO.
T hus, th e  d is a p p e a ra n c e  o f  o l e f i n  in  CC14 can be used  a s  a  t e s t  f o r  
th e  p re se n c e  o f  r a d i c a l s  s in c e  o l e f i n  can  be d e s t ro y e d  by a  c h a in  
p ro p a g a t in g  r a d i c a l  r e a c t i o n .  The s t a b i l i t y  o f  o l e f i n s  d u r in g  th e  
r e a c t i o n  o f  BPO w i th  TSST I n d i c a t e s  t h a t  I t  i s  u n l i k e l y  t h a t  r a d i c a l s  
a r e  formed In  th e  system .
6. Y ie ld  o f  C h lo robenzene  as a Method to  D eterm ine th e  P e rc e n t  
R a d ic a l  R e a c t io n :
When f r e e  r a d i c a l s  a r e  g e n e ra te d  in  CC14 , a  l a r g e  f r a c t i o n  
o f  th e  r a d i c a l s  a r e  acco u n ted  f o r  a s  c h lo ro b e n z e n e .  F o r  exam ple , when 
BPO i s  a l low ed  to  decompose th e r m a l ly  ( s e e  e q s .  1 and 2) in  CCi4 , 80$ 
o f  th e  r a d i c a l s  a r e  acco u n te d  f o r  a s  c h lo ro b e n z e n e .  P h e n y la z o t r l -  
phenylm ethane (PAT), a n o th e r  s o u rc e  o f  pheny l r a d i c a l s ,  behaves 
a n a lo g o u s ly .  A g a in ,  80$ o f  th e  r a d i c a l s  a r e  acco u n ted  f o r  as  c h lo r o ­
benzene .
Ph-N«N-CPh3 -+ *CPh3 + PhN2 - (11)
PhN2 * -+ Ph * + N2 (12)
I t  I s  u s e f u l  to  compare th e  d e c o m p o s it io n  o f  PAT and BPO In  
CC14-T00T and CCl4-TSST m ix tu r e s .  I f  PAT i s  a l low ed  t o  decompose in
e i t h e r  CCl4-T00T o r  CC14-TSST, 80$ o f  t h e  r a d i c a l s  a r e  acco u n te d  f o r
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*
as  benzene o r  c h lo ro b e n z e n e .  F u r th e rm o re ,  th e  ch em ica l b e h a v io r  o f
th e  phenyl r a d i c a l s  as d e te rm in e d  by i s  th e  same In  b o th  s y s -
terns ( s e e  Table  X I I ). The fo rm a tio n  o f  t h l o e t h e r  In  th e  CC14-TSST
#
system  I s  d i s c u s s e d  e ls e w h e re .
Ph* + TOOT -* PhH + (CH3)3COOC(CH3)2CH2 - (13)
Ph- + TSST -¥ PhH + (CH3 )3CSSC(CH3 )2CH2 - (1U)
Ph* + TSST -* PhSc( CH3 ) 3 + (CH3 ) 3CS* ( 1 5 )
Now l e t  us c o n s id e r  th e  f a t e  o f  pheny l r a d i c a l s  In th e  de­
c o m p o s i t io n  o f  BPO in  th e  two system s In  q u e s t io n .  We have found t h a t  
BPO behaves as  a t y p i c a l  so u rc e  o f  p h en y l r a d i c a l s  in  th e  CC14-T00T 
m ix tu re ;  t h a t  I s ,  80$ o f th e  pheny l r a d i c a l s  a re  acco u n ted  f o r  as  
benzene o r  c h lo ro b e n z e n e .  However, we have found t h a t  BPO behaves In 
an anomalous manner when i t  Is  a l low ed  to  decompose In  CC14-TSST mix­
t u r e .  In  t h i s  system  th e  m ajo r  p ro d u c t  I s  b en zo ic  a c id  o r  b e n z o ic  
a n h y d r id e .  I t  I s  obv ious  from our s t u d i e s  o f  BPO d eco m p o s it io n  in  
T00T-CC14 t h a t  i f  homolyslB were o c c u r r in g ,  benzene and ch lo ro b e n z e n e  
would be th e  main p r o d u c t s ,  ( i f  th e  r a t i o  o f  CC14/TSST " »  1 , th e  
m ajor p ro d u c t  would be c h lo ro b e n z e n e .)  We have fo u n d ,  in  f a c t ,  t h a t  
on ly  a t  h ig h  te m p e ra tu re s  and w ith  very  sm a ll  amounts o f  TSST p r e s e n t  
I s  t h e r e  an  a p p r e c i a b l e  amount o f  c h lo ro b e n z e n e  formed ( s e e  T ab le  X I I I ) . 
The y i e l d  o f  c h lo ro b e n z e n e  I s  a good q u a n t i t a t i v e  to o l  f o r  d e te rm in in g  
th e  amount o f  h om olysis  o c c u r r in g .  Even a t  100° th e  y i e l d  o f  c h lo r o ­
benzene I s  on ly  1$ i f  (BPO) -  0 .0 1 1  M and (TSST) -  0 . 2  M.
*
F or a d i s c u s s io n  on th e  r e a c t i v i t y  o f  p h eny l r a d i c a l s  toward CC14-TSST 
and CCl4-TOOT, se e  Appendix I .
TABLE X II
RELATIVE RATES 07  PHENYL ATTACK ON TXXT-CC14*
X
( c c i 4 )






0 .0 2 5 3
0 . 3 0





8 .9  
< 0 .1 7
a .  See r e f .  I 5 .
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TABLE X III
THE DETERMINATION OF CHLOROBENZENE IN THE
DECOMPOSITION OF BPO IN THE PRESENCE OF TSST AT 100°
(BP0)o (TSST)q 1*PhCl
0 . 1 5 2 0 .0 9 5 6 iiO.O
0 . 152* 0 .0 9 5 6 3 6 .0
O.OT39 0.09114 3 7 .6
0 .0739* 0 . 0 9 1 U 3 6 .5
0 . 1 5 6 O.OL29 6 5 . 8
0 . 156* 0.0L29 57.3
0 .0737 0 . 2 0 6 17 .6
0 .0737* 0 . 2 0 6 2 0 .1
0 .0 7 0 0 0 .673 1*. 7
0 . 0 7 0 0 * 0 .6 7 3 5 .8
O .O II3 0 .1 9 3 1-3
0 .0113* 0 .1 9 3 1 .9
0 .0 1 1 3 0 .1 9 3 0 .9
0 . 0 1 1 3 * 0 .1 9 3 1.3
0 . I 5 I+ 0 . 1 8 8 2 5 . 2
a .  These sam ples were d e g a sse d .
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7. The E f f e c t  o f  S u l f i d e s  and D i s u l f i d e s  on th e  R a te  o f  Decomposl- 
t l o n  o f  O th e r  I n i t i a t o r s :
We h av e  a l s o  s tu d i e d  t h e  e f f e c t  o f  s u l f i d e s  and d i s u l f i d e s  
on th e  r a t e  o f  d e c o m p o s i t io n  o f  o t h e r  f r e e  r a d i c a l  i n i t i a t o r s .  We 
have found t h a t  t h e r e  I s  no r a t e  enhancem ent f o r  th e  th e rm a l  decompo­
s i t i o n  o f  t - b u t y l  p e r b e n z o a te  in  t h e  p r e s e n c e  o f  t - b u t y l  d i s u l f i d e  
(TSST), even  i f  TSST i s  used  a s  th e  s o lv e n t  ( s e e  T a b le  X IV ). O th e r  
f r e e  r a d i c a l  I n i t i a t o r s  w hich have b e e n  t e s t e d  and found to  be u n a f ­
f e c t e d  by th e  p r e s e n c e  o f  TSST a r e  d l - t - b u t y l  p e r o x y o x a la te  (DBPO) and 
p - n i t r o p h e n y la z o t r i p h e n y lm e th a n e  (NAT). The f i r s t  o r d e r  r a t e  c o n s ta n t  
f o r  th e  th e rm a l  d e c o m p o s it io n  o f  p r o p lo n y l  p e r o x id e  (PPO) and l a u r o y l  
p e r o x id e  (LPO) i s  found  to  undergo  a  l e s s e r  r a t e  enhancem ent th a n  BPO 
in  t h e  p r e s e n c e  o f  d i s u l f i d e s  ( s e e  T a b le  XV). These  d a t a  w i l l  be d i s ­
c u s se d  in  more d e t a i l  l a t e r  in  t h i s  D i s s e r t a t i o n .
B. PRODUCT STUDIES:
We have p r e s e n t e d  r a t e  d a t a ,  s c a v e n g e r ,  p o l y m e r i z a t i o n ,  and 
s o lv e n t  s t u d i e s  which i n d i c a t e  t h a t  BPO r e a c t s  w i th  s u l f i d e s  and d i ­
s u l f i d e s  v i a  an  i o n i c  m echanism . To g a in  f u r t h e r  I n s i g h t  i n t o  th e  
r e a c t i o n  m echanism , we have c a r r i e d  o u t  d e t a i l e d  p ro d u c t  s t u d i e s  ob­
s e r v i n g  t h e  amountB o f  i n t e r m e d i a t e s  and p r o d u c ts  formed as  a  f u n c t io n  
o f  t im e  and r e a c t i o n  c o n d i t i o n s .  I t  w i l l  be most c o n v e n ie n t  and u s e f u l  
t o  d i s c u s s  th e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  and d i s u l f i d e s  i n  th e  f o l ­
low ing  m anner. F i r s t  we w i l l  d i v i d e  t h e  d i s c u s s i o n  i n t o  two m a jo r  
c l a s s e s ,  th e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  and t h e  r e a c t i o n  o f  BPO 
w i th  d i s u l f i d e s .  These  two m a jo r  c l a s s e s  w i l l  be s u b d iv id e d  and
TABLE XIV
THE EFFECT OF TSST ON THE RATE OF DECOMPOSITION OF 
INITIATORS IN CC14
I n i t i a t o r 10£ ( l ) o (TSST)o T°C lO ^ k tsec "  !)
PhC03 t-B u 1.99 120 I .5 8
PhC03 t-Bu 1.99 - 120 1 . 6 7
PhC03 t-Bu 2 .1 6 0 .1 7 2 120 1 . 1*1*
PhC03 t-Bu 2 . 5 6 Cn e a t 120 1 .38
NATa 0 .229 - 60 0 .831
NAT 0.313 cn e a t 60 0 . 8 8 0
DBPOb 1.59 - 39 0 . 7 8 9
DBPO 1.72 0 . 201* 39 0 .9 7 7
DBPO 1.67 .cn e a t 39 0 .9 9 7
a .  p -N it  ro p h e n y la z o t r ip h e n y lm e th a n e .
b . d l - t - B u t y l p e r o x y o x a l a t e .
c .  TSST I s  used as the  s o lv e n t .
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TABLE XV
THE RATE OF DECOMPOSITION OF LPO AND PPO IN THE
PRESENCE OF SULFIDES AND DISULFIDES AT 80°
I n i t l a t o r ( D o S o lv e n t lO ^ k fse c - 1 ) 1 0 ^ '(M - 1S - 1) a
PPO 0 . 0 2 5 6 CC14 7 .8 6 - -
PPO 0 . 0 2 6 7 0 .1 8 2  M iBuSiBub 57 .8 318.
PPO 0 .0 2 5 7 TSST 5 3 .6 6 . 1 0
LPO 0 . 0 1 2 6 CC14 12 .3 —
LPO 0 . 0 1 2 8 0 . 1 7 8  M TSSTb 13 .1 71+5-
LPO 0 .0 1 2 3 TSST 3 1 . 8 5-67
a .  See f o o tn o t e  b t T a b le  I I .
b .  The s o lv e n t  i s  CC14.
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d i s c u s s e d  In  t h e  f o l lo w in g  o r d e r :  F i r s t , t h e  r e a c t i o n  o f  BPO w i th  s u l ­
f i d e s  t h a t  c o n t a i n  no a b s t r a c t a b l e  h y d ro g e n s ;  s e c o n d ,  s u l f i d e s  t h a t  
c o n t a i n  o n ly  ty~hydrogens; t h i r d ,  s u l f i d e s  t h a t  c o n t a i n  o n ly  0 -h y d ro g e n s  
f o u r t h ,  s u l f i d e s  t h a t  c o n t a i n  b o th  a -  and 0 -h y d ro g e n s .  The r e a c t i o n  o f  
BPO w i th  d i s u l f i d e s  w i l l  be d i s c u s s e d  u s in g  th e  same fo rm a t .  The r e ­
a c t i o n s  and p r o d u c t  s to c h lo m e t r y  m en tio n ed  in  t h i s  s e c t i o n  w i l l  be 
d i s c u s s e d  I n  d e t a i l  l a t e r  In  t h i s  D i s s e r t a t i o n .
1. S u l f i d e s :
a .  Phenyl S u l f i d e :
The f i r s t  r e a c t i o n  we w i l l  c o n s id e r  I s  t h a t  o f  BPO w ith  
p h e n y l  s u l f i d e ,  a  s u l f i d e  p o s s e s s in g  no a b s t r a c t a b l e  h y d ro g e n s .  P heny l 
s u l f i d e  r e a c t s  w i th  BPO i n  what can  be v i s u a l i z e d  as  an  o r g a n ic  redox  
r e a c t i o n  t o  form b e n z o ic  a n h y d r id e  and p resu m ab ly  p h eny l s u l f o x i d e .  
S in c e  t h e r e  a r e  no r e a d i l y  a b s t r a c t a b l e  h y d ro g en s  In  t h i s  sy s te m , th e  
f o r m a t io n  o f  a  sm a l l  amount o f  b e n z o ic  a c id  w hich  we have  o b se rv e d  i s  
anom alous . The r e a g e n t s  u sed  In  t h i s  e x p e r im e n t  were n o t  r i g o r o u s l y  
d r i e d ,  and I t  I s  p o s s i b l e  t h a t  t r a c e  am ounts o f  w a te r  were p r e s e n t  
w hich c o u ld  a c c o u n t  f o r  t h e  f o rm a t io n  o f  a  few p e r c e n t  b e n z o ic  a c i d .  
However, o n ly  s e m i - q u a n t i t a t i v e  s t u d i e s  w ere  c a r r i e d  o u t  on t h i s  s y s ­
tem and t h e  p r e s e n c e  o f  s u l f o x i d e  was n o t  d e te r m in e d .
b .  M ethyl S u l f i d e :
Let us now c o n s id e r  t h e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  t h a t  
c o n t a i n  o n ly  a - h y d ro g e n s .  We have  c a r r i e d  o u t  a p ro d u c t  s tu d y  on th e  
r e a c t i o n  o f  BPO w i th  m e th y l s u l f i d e .  In  t h e  r e a c t i o n  o f  m e th y l s u l f i d e  
w i th  BPO I n  CC14 , t h e  f o l lo w in g  p r o d u c t s  have  been  I s o l a t e d  and
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id e n t i f i e d :  bens o le  an h yd rid e, b en zo ic  a c id ,  DKSO, end cr-benxoyl-
oxyd im eth yl s u l f id e  (BOMS). However, b en zo ic  anhydride end EMSO are  
observed  o n ly  e a r ly  In th e  r e a c t io n ,  whereas b en zo ic  a c id  and BOMS 
are s t a b le  products o f  th e  r e a c t io n  formed In a 1:1 r a t io  in  6o£  




c .  t -B u ty l  S u lf id e  (TST):
The r e a c t io n  o f  BPO w ith  TST Is  a good exam ple o f  what 
happens when BPO r e a c ts  w ith  a s u l f id e  c o n ta in in g  on ly  0 -h y d ro g en s.
We have c a r r ie d  ou t a d e t a i le d  product stu d y  In CC14 a t  80° and have 
fo llo w e d  th e  form ation  o f  th e  fo llo w in g  products over th e  cou rse  o f  
th e r e a c t io n ;  I so b u ty le n e , b en zo ic  a c id ,  b en zo ic  a n h yd rid e , TSST, 
and t - b u t y l  t r l e u l f l d e  (T96ST). The r e s u l t s  o f  th e se  s tu d ie s  are  
shown in  T ab les XVII and XVIII and In F ig s .  2 and 5 ,
d . I so -B u ty l S u lf id e :
I t  I s  o f  I n t e r e s t  to  c o n s id e r  a s u l f id e  w ith  both a -  end 0 -  
hydrogens such as i s o - b u t y l  s u l f i d e .  We have found th a t  th e r e  Is  
o n ly  a v ery  sm all amount ( l a s s  than  5Jt) o f  o l e f in  formed In th e  r e ­
a c t io n  o f  i s o - b u ty l  s u l f id e  w ith  BPO. We have not I s o la te d  
th e  cr* s u b s t i t u t io n  product In t h i s  c a s e ,  but s p e c tr a l  e v i ­
dence (a  peak a t  1720 cm '1 In th e  IR) and form ation  o f
TABLE XVI
REACTION OF BPO AND METHYL SULFIDE IN CCI4 AT 0 0 ° ,  
(BPO)o -  O. IQk,  (METHYL SULFIDE)Q -  0 .3 9 7
t  ( h r . ) 10s (DMS0)a 102 (PhC0)gO 10£ (PhC0aH) 10e (B0MS)b
0 . 5 5 -7 6 .9 5-5 5 -9
5 .0 - k . 2 6 . 1 5-9
1 0 . 0 - 3.U 6 . 1 6 . 0
a .  D im ethy l s u l f o x i d e .
b .  or-Benzoyloxy d im e th y l  s u l f i d e .
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TABLE XVII 
REACTION OF BPO AND TST IN CCi4 AT 60° 
(BPO)o -  0 .1 0 2 ,  (TST)o -  0 .6 3 2
t ( h r . ) lO^PhCO^H) 102 (PhC0)a0 102 ( l - C 4H8 ) i o 2 (t s s t ) 10e (TSSST)
0 .5 0 . 6 10 .0 3 . 9 9 1 .0 4 —
1 .0 1 .6 1 0 .2 14.98 - - —
3-0 4 .2 8 .9 7 . 3 5 2 . 2 5 —
5.0 4 .7 7.1* 8 . 6 9 2 .6 6 0 .1 2
7 .5 - - - - 1 0 .4 4 4 .3 2 0 . 2 8
IO . 3 1 0 .6 5 .0 1 0 .0 3 - -
13 .0 1 3 . 0 3 .2 1 3 . 7 8 • - -
2 0 .0 1 5 . 0 2 .5 1 4 .7 1 4 .5 5 0 . 8 9
2 4 .0 1 3 . 6 - - 1 4 .4 6 - - —
2 9 . 0 - - — 13.81 4 .8 5 1 .4 4
3 6 . 0 16. L 1 .9 15 .15 4 .91 1 .5 7
48 .0 1 6 .5 1 .7 15 .5 6 5 .0 4 1 .7 6
78 .0 1 6 . 5 1 .7 — 5.21 1 .7 7
3**
TABLE XVIII
REACTION OF BPO AND TST IN CC14 AT 60° (SAMPLES ARE DEGASSED) 
(BP0)o -  0 .1 0 2 ,  (TST)o "  0 .6 3 2
t ( h r . ) 10e (PhC0aH) 10e (PhC0) ^0 10£ ( l - C 4He ) 10e (TSST) i o 2 ( t s s s t )
5-0 1*.7 7-1* 5 .9 7 — —
7 .5 7 .6 7 .3 7 .3 2 1 .9 0 0 . 2 3
1 0 .3 9 .6 6 . 0 8 .3 5 2 .5 1 0 .7 0
2 0 .0 9 -7 6 .1 9 .7 4 2 . 6 6 0 . 7 0
2 9 . 0 5 .9 1 1 .3U — 2 . 0 5
5 6 .0 1 1 .8 5 .0 1 0 .8 9 2.81* - -
U8.0 1 2 .3 J*.5 10.1*8 2 .7 3 2 . 2 6
78 .0 1 3 .2 3 . 6 — — —
9 6 .0 — — — 2 . 8 5 2 .5 8
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20 to  60 80
tim e  (h r )
FIGURE 2 .  A p l o t  o f  t h e  p r o d u c t s  o f  t h e  r e a c t i o n  o f  BPO 
and  TST In  CC14 a t  80°  a s  a  f u n c t i o n  o f  t im e ;  
(BFO)q -  0 . 1 0 2 ,  (TST)q “  0 . 6 5 2 ,  b e n z o ic  a c i d * ,  







tim e ( h r )
FIGURE 5* A p l o t  o f  t h e  p r o d u c ts  o f  th e  r e a c t i o n  o f  BFO 
and  TST i n  CC14 a t  00° i n  d e g a s se d  am poules a s  
a  f u n c t io n  o f  t im e ;  (BPO)o ■ 0 .1 0 2 ,  (TST) 0 -  
0 . 6 3 2 , b e n z o ic  a c i d  0  , b e n z o ic  a n h y d r id e  A , 
I s o b u ty le n e  ■  , TSST ^  , TSSST ▼ .
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t h e  a n a lo g o u s  p ro d u c t  I n  o t h e r  sys tem s le a d s  us t o  b e l i e v e  t h a t  I t  i s  
p r e s e n t .  We have  I s o l a t e d  th e  or-s u b s t i t u t i o n  p r o d u c t  f o r  m e th y l s u l ­
f i d e ,  and H o rn e r1 h a s  e v id e n c e  t h a t  t h e  or-s u b s t i t u t i o n  p ro d u c t  has 
b een  form ed f o r  b u t y l  s u l f i d e .
T he re  i s  no e v id e n c e  t h a t  th e  s u l f o n e  o r  any o t h e r  h ig h e r  
o x i d a t i o n  p r o d u c ts  a r e  form ed In  t h e  B F O - lso -b u ty l  s u l f i d e  sy s tem  o r  
In  any o f  th e  o t h e r  B P O -su lf id e  sys tem s  t h a t  we have s t u d i e d .
2.  D i s u l f i d e s
In  a d d i t i o n  t o  s tu d y in g  th e  r e a c t i o n  p r o d u c ts  o f  B P O -su lf ld e  
s y s te m s ,  we a l s o  have s t u d i e d  th e  p r o d u c ts  o f  th e  r e a c t i o n  o f  BPO w ith  
d i s u l f i d e s .  In  g e n e r a l ,  a n a lo g o u s  p r o d u c ts  a r e  o b ta in e d  f o r  th e  BPO- 
RSSR sy s tem  a s  th o s e  w hich a r e  o b ta in e d  f o r  th e  BPO-RSR sy s tem  when R 
Is  th e  same i n  b o th  c a s e s .
a .  P heny l D i s u l f i d e :
We have found no a p p a r e n t  r a t e  enhancem ent ( s e e  T a b le  V) f o r  
t h e  d e c o m p o s i t io n  o f  BPO I n  t h e  p r e s e n c e  o f  p h en y l d i s u l f i d e  ( r e l a t i v e  
to  t h e  r a t e  o f  h o m o ly s ls  o f  BPO). I t  I s  p r o b a b le  t h a t  t h e  n u c l e o p h l l l c  
a t t a c k  o f  p h en y l  d i s u l f i d e  on BPO l a  s low  r e l a t i v e  t o  th e  r a t e  o f  
h o m o ly s ls  o f  BPO. S in c e  we found  no r a t e  enhancem ent f o r  t h e  r a t e  o f  
d e c o m p o s i t io n  o f  BPO I n  t h e  p r e s e n c e  o f  p h en y l  d i s u l f i d e ,  p ro d u c t  
s t u d i e s  w ere n o t  c a r r i e d  o u t .
b . M ethyl d i s u l f i d e :
The r e a c t i o n  o f  BPO w i th  m e th y l  d i s u l f i d e  c l o s e l y  re se m b le s  
th e  r e a c t i o n  o f  BPO w i th  m e th y l s u l f i d e .  In  b o th  system s  t h e r e  i s  an
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i n i t i a l  b u i ld u p  o f  ben zo ic  a n h y d r id e  fo llo w e d  by a su b seq u en t  t r a n s ­
fo rm a tio n  o f  a n h y d r id e  to  b e n z o ic  a c i d .  Ue were u n a b le  t o  I s o l a t e  




BPO-methyl s u l f i d e  system . However, th e  low y i e l d  o f  b e n z o ic  a c id  
(60$) and th e  p re se n c e  o f  a sh a rp  s i n g l e t  a t  5*50 ppm In  th e  NMR o f  
th e  r e a c t i o n  m ix tu re  ( j u s t  d o w n fle ld  o f  th e  m ethy lene  s i n g l e t  In  BOMS) 
a r e  e v id e n c e  f o r  th e  fo rm a t io n  o f  IV. O ther  e v id e n c e  f o r  th e  fo rm a tio n  
o f  IV I s  th e  p re se n c e  o f  a peak  a t  1720 cm-1  in  th e  IR which i s  where 
th e  c a rb o n y l  group o f  BOMS a d s o rb s .
I t  sh o u ld  be p o in te d  o u t t h a t  a d d i t i o n a l  c o m p l ic a t io n s  m ight 
a r i s e  in  th e  BPO-methyl d i s u l f i d e  system  due to  th e  fo rm a t io n  o f  
m ethy l t h l o l s u l f i n a t e  (v).  Where DMSO I s  a r e l a t i v e l y  s t a b l e  compound,
0
t
ch3- s - s - ch3
v
t h l o l s u l f l n a t e s  can decompose by s e v e r a l  r o u te s  g iv in g  a  v a r i e t y  o f  
p r o d u c t s .  The c h e m is t ry  o f  t h l o l s u l f l n a t e s  i s  d i s c u s s e d  l a t e r  In  t h i s  
D i s s e r t a t i o n .
c .  t -B u ty l  D i s u l f i d e  (TSST) and t-Amyl D i s u l f i d e  (ASSA):
The r e a c t i o n  o f BPO w ith  TSST has  been  s tu d i e d  i n  d e t a i l ,  
and th e  same p ro d u c ts  a r e  formed a s  in  th e  BPO-TST sy s tem . We have 
fo llo w ed  th e  r a t e  o f  f o rm a t io n  o f  I s o b u ty l e n e ,  b en zo ic  a c i d ,  b en zo ic
IjO
a n h y d r id e ,  and p o l y s u l f l d e  o v e r  th e  c o u rse  o f  th e  r e a c t i o n .  These 
d a ta  a r e  shown In  F ig s .  k-6, and T a b le s  XIX-XXI. We have I s o l a t e d  and 
u n e q u iv o c a l ly  I d e n t i f i e d  t - b u t y l  t r l s u l f l d e .  However, th e  t e t r a -  and 
p e n t a s u l f I d e s  have been I d e n t i f i e d  o n ly  by th e  p a re n t  peakB In  mass 
s p e c t r a l  a n a l y s i s  a t  low I o n i z a t i o n  v o l t a g e .  I t  I s  known t h a t  th e  
S-S bond s t r e n g t h  f o r  p o l y s u l f l d e s  l a r g e r  th a n  th e  t r l s u l f l d e  I s  low 
(35 k c a l / tn o le )  compared t o  t r l s u l f l d e s  (be tw een  35 and 70 k c a l /m o le )  
and d i s u l f i d e s  (70 k c a l /m o le ) . 17 I t  I s  n o t s u r p r i s i n g  t h a t  p o l y s u l ­
f l d e s  l a r g e r  th a n  th e  t r l s u l f l d e  a r e  n o t  s t a b l e  under c o n d i t io n s  r e ­
q u i re d  t o  i s o l a t e  them u s in g  p r e p a r a t i v e  GC o r  vacuum d i s t i l l a t i o n .
An u n s u c c e s s f u l  a t te m p t  was made to  I s o l a t e  th e  t e t r a s u l f l d e  and 
p e n t a s u l f l d e  u s in g  column ch rom atog raphy .
ASSA Is  a n o th e r  example o f  a d i s u l f i d e  w ith  no af-hyd rogens . 
We have s tu d ie d  th e  p ro d u c t  p r o f i l e  o f  th e  BPO-ASSA system  f o r  th e  
fo l lo w in g  p r o d u c ts :  o l e f i n  ( 2 - m e th y l - 2-b u te n e  and 2- m e th y l - 1- b u t e n e ) ,
b e n z o ic  a c i d ,  and b e n z o ic  a n h y d r id e .  No a t te m p t  was made t o  I s o l a t e  
p o l y s u l f l d e s  in  t h i s  sy s tem , even though In  a l l  p r o b a b i l i t y  th ey  a r e  
form ed. These d a t a  a r e  shown in  F ig s .  7-9> 4nd T ab le s  XXII-XXIV.
10 20 30 1*0
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FIGURE 4 . A p lo t  o f  the p rod u cts o f  th e  r e a c t io n  o f  BPO 
and TSST In CC14 a t  80° as a fu n c tio n  o f  tim e;  
(BP0)o -  0 .0 5 3 ,  (TSST)q “ 0.70J+, b en zo le  a c id  
0  , b en zo ic  anhydride A  • lso b u ty le n e  ■  .
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FIGURE 5. A p lo t  o f  the products o f  the r e a c t io n  o f  BPO 
and TSST In CC14 a t 8 0 °  as a fu n c tio n  o f  tim e 
(BFO)o "  0 .1 0 2 ,  (TSST)o "  0 . 6 J 2 ,  b en zo ic  acid  







tim e ( h r )
FIGURE 6 .  A p l o t  o f  th e  p ro d u c ts  o f  th e  r e a c t i o n  o f  BPO 
and TSST In  CCl4 a t  80° In  Degassed Ampoules 
as  a  f u n c t io n  o f  t im e ;  (BPO)0 ■ O.O5O3, (TSST)0 
0 .70U , b e n z o le  a c id  # ,  b e n z o ic  a n h y d r id e  A , 
I s o b u ty le n e  ■  .
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TABLE XIX
REACTION OF BPO AND TSST IN CCl4 AT 80°
(BPO)o -  0 .0 5 0 5 , (TSST)o -  0.701*
t ( h r . ) 102 (phC0aH) 102 (PhC0)g0 102 (1 -C 4H6 )
0 . 5 1.0 3*9 1*.IT
1 .0 1 . 2 1*. 2 1*. 17
5 .0 - - U. 58
5-0 2 . 1 1*.0 i*.96
7 .5 3.1+ 2 . 8 5.19
15.0 6 . 6 1 .7 6 .51
17.0 6 . 2 1 .7 7 . 0 8
21*.0 7 .5 1.1 7 .26
1*1*.0 8 . 3 0 . 7 7 .70
TABLE XX
REACTION OF BPO WITH TSST IN CCl4 AT 60°
(BPO)q -  0 .1 0 2 ,  ( t s s t ) 0 « 0 .6 3 2
t ( h r . ) lO^(PhCOaH) iO£ (PhCO)aO 10s ( i - C 4HB)
0 - 5 1 . 7 7 .5 8 .6 5
1 . 0 1 .9 8 . 1 8 .9 5
3 .0 3 . 5 9 . 2 9 . 7 7
5-0 5-1 7.** 1 1 . 2
7 .5 6 . 2 6 . 3 1 1 .5
1 3 . 0 1 1 . 8 h .2 1 3 . 6
17,0 1 3 .7 3 . 6 1 3 .3
2L.0 1 5 .7 3 . 2 1 3 . 6
kh,0 17 .7 1 . 6 U . 1+
7 2 .0 17.1 1 . 2 IU . 3
9 6 . 0 I 6 . 3 1 . 1 1U.1
^ 5
TABLE XXX
REACTION OF BPO AND TSST IN CCI4 AT 8 0 °  (SAMPLES ARE DEGASSED)
(BPO)o “  0 . 0 5 0 3 , (TSST)o -  0 .70U
t ( h r . ) lO^PhCOjsH) 10£ (PhC0 ) 2 0 I 0 2 ( i - C 4H8 )
5 .0 1 .5 U . l 3 -^ 9
1 3 . 0 1 .5 h.O 3 . *+6
9 6 .0 3 . 6 3-2 3 .7 6
U6
10 20 30 UO
t im e  ( h r )
FIGURE 7* A p l o t  o f  t h e  p r o d u c t s  o f  t h e  R e a c t i o n  o f  BFO 
and ASSA In  CC14 a t  80° a s  a  f u n c t i o n  o f  t i m e ;  
(BPO)q -  O.OU93. (ASSA)o “  0 . 2 0 0 ,  b e n z o ic  a c i d  








t im e  ( h r )
FIGURE 8 . A p l o t  o f  t h e  p r o d u c t s  o f  t h e  r e a c t i o n  o f  BPO 
and ASSA i n  CC14 a t  80° a s  a  f u n c t i o n  o f  t i m e ;  
(BPO )o -  0 . 1 0 0 ,  (ASSA)o -  0 . 2 0 0 ,  b e n z o le  a c i d  






t im e  ( h r )
FIGURE 9* A p l o t  o f  t h e  p r o d u c t s  o f  t h e  r e a c t i o n  o f  BPO 
and ASSA I n  CCl4 a t  80°  a s  a  f u n c t i o n  o f  t ime 
(BPO)o -  0 . 0 4 9 1 ,  (A SSA)o -  1 . 7 0 ,  b e n z o le  a c i d  
0  , b e n z o le  a n h y d r id e  A , o l e f i n  ■  .
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TABLE XXII
REACTION OF BPO WITH ASSA IN CCI4 AT 80°
(BPO)q -  O.OL93, (ASSA)q -  0 .280
t ( h r . ) 102 (PhC0pH) 10£(phC0)2O 102 ( o l e f i n ) a
0 . 5 1 .2 1 .9 1 .9 6
1 1 .6 2.L 2 .1 7
3 3 .2 3 . 2 3 .1 2
5 3-6 1 . 9 —
7 L.L i . 9 3 . ^ 7
12 6 . 6 1.3 U. 19
15 7 .5 1.0 U.20
17 7 .1 1.0 i+.Ol
22 7 .6 0 . 7 3.01
i+O 8.1 0 . 7 U.22
a .  T o ta l  y i e l d  o f  o l e f i n  ( 2 - m e th y l - 2 -b u te n e  + 2 - m e t h y l - l - b u t e n e ) .
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TABLE XXIII 
REACTION CP BPO AND ASSA IN CC14 AT 80°  
(BfO)o -  O.IOO. (ASSA)o -  0 .2 8 0
t ( h r . ) IQ(ASSA) lO^PhCOaH) 10a (PhCO)^0 10a ( o l e f i n ) a
0 .5 - - 2 .0 5 .2 —
0 .8 4 2 .3 3 2 .2 4 .6 3 .2 4
1 .8 1 .9 1 3 -3 5 .9 «• *
2 .0 - - 6 .1 6 .1 4 .4 2
3 .0 1 .7 7 7 .o 6 .2 6 .3 3
5*2 1 .6 9 8 .4 5 -5 6 . 3 8
1 7 .0 1 .4 9 1 2 .1 2 .8 6 .1 2
2 4 .0 1 .4 4 1 4 .5 2 .3 6 .9 3
4 8 .0 — 1 5 .7 2 .2 6 .4 0
9 6 .0 1 .4 1 1 4 .8 1 .8 - -
a . T o ta l y i e ld  o f  o l e f i n  ( 2 -m e th y l-2 -butane + 2 -m e th y l- l -b u te n e ) .
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TABLE XXIV
REACTION OF BPO WITH ASSA IN CC14 AT 80°
(BPO)q -  O.Oi+91, (ASSA)q -  1 .7 0
t ( h r . ) 102 (phC02H) 102 (phC0 ) 2 0 10£ ( o l e f i n ) 3
3 .3 2 . 0 3 .0 3.61*
1.0 2 . 1 2 . 5 - -
2 . 0 2 . 2 2 . 6 3 .99
3.0 2 . 1+ 2 . 6 I+.65
5-0 2 . 6 2 . 6 - -
7 .0 2 .9 2 . 1+ I4.62
12.0 3 .8 2 .5 1+.86
15.0 ^ .5 2 . 1 ^ 9 9
17.0 h.9 2 . 2 5.21
2 2 . 0 5.0 2 . 1 U. 92
t o . o 5-5 1 .7 5.70
a .  T o ta l  y i e l d  o f  o l e f i n  ( 2 - m e t h y l - 2 - b u t e n e  + 2 - m e t h y l - 1 - b u t e n e ) .
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I I I .  DISCUSSION
A . THE CHEMISTRY OF SULFOXIDES AND THIOLSULFINAXES
As was ment ioned  In  t h e  p r e v i o u s  s e c t i o n s ,  BPO r e a c t s  w i th  
s u l f i d e s  and d i s u l f i d e s  t o  p roduce  i n i t i a l l y  b en zo ic  an h y d r id e  and a 
s u l f o x i d e  o r  t h l o l s u l f l n a t e . I t  i s  t h e r e f o r e  o f  i n t e r e s t  t o  c o n s i d e r  
b o th  th e  c h e m is t r y  o f  s u l f o x i d e s  and t h l o l s u l f l n a t e s  and a l s o  t h e i r  
r e a c t i v i t y  toward a n h y d r id e s .
1. S u l f o x i d e s :
Let  us f i r s t  c o n s i d e r  t h e  c h e m is t r y  o f  s u l f o x i d e s .  Emerson,
C r a i g ,  and P o t t s 18 have s t u d i e d  t h e  p r o d u c t s  o f  th e  p y r o l y s i s  o f  un-
s y m n e t r l c a l  s u l f o x i d e s  a t  h ig h  t e m p e r a t u r e s  (1 8 0 -2 0 0 ° ) .  S u l fo x id e s  
undergo  a "C ope- type"  e l i m i n a t i o n  t o  p roduce  o l e f i n  and a s u l f l n l c  
ac i d .
'jj' '  ^
R-S— CX ^  -» RSOH + ^ C - C ^  (16)
These w orkers  have  found t h a t  In  t h e  "Cope- type"  e l i m i n a t i o n  o f  s u l ­
f o x i d e s ,  th e  bond s t r e n g t h  o f  t h e  @-hydrogen I s  u n im p o r ta n t  in  d e t e r ­
m in ing  which o l e f i n  I s  fo rmed.  They e x p l a i n  t h e i r  r e s u l t s  r a t h e r  on 
th e  b a s i s  o f  s t e r l c  c o n s i d e r a t i o n s  In v o lv e d  In  th e  t r a n s i t i o n  s t a t e  o f  
t h e  I n t r a m o l e c u l a r  e l s  e l i m i n a t i o n .  T h e i r  s t u d l e a  were c a r r i e d  ou t  a t  
200° ,  a h i g h e r  t e m p e r a tu r e  th a n  o u r s ,  which were c a r r i e d  ou t  a t  1*0-100°.
2.  The R e a c t io n  o f  S u l f o x i d e s  w i th  A nhydr ides :
We s h a l l  now c o n s i d e r  t h e  p o s s i b i l i t y  of  th e  r e a c t i o n  o f  
s u l f o x i d e s  w i th  a n h y d r id e s  s in c e  t h e s e  two compounds a r e  formed
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5^s im u l t a n e o u s l y  In t h e  r e a c t i o n  o f  BPO w i th  s u l f i d e s .  I t  I s  known t h a t  
a n h y d r id e s  r e a c t  w i t h  s u l f o x i d e s  t h a t  c o n t a i n  e i t h e r  at- o r  0 -hydrogens .  
F i r s t ,  c o n s i d e r  t h e  r e a c t i o n  o f  an h y d r id e  w i th  PulfoxldeB p o s s e s s i n g  
cr-hydrogens.  Benzoic a n h y d r id e  r e a c t s  w i th  EMSO t o  form benzo ic  a c i d  
and cr-benzoyloxydlmethyl  s u l f i d e  (BOMS). F u r th e rm o re ,  a Hamnet p l o t  
o f  the  s u b s t i t u t e d  b enzo ic  a n h y d r id e s  I n d i c a t e s  t h a t  th e  t r a n s i t i o n  
s t a t e  o f  t h e  r a t e  d e te r m in in g  s t e p  In v o lv e s  a n u c l e o p h l l l c  a t t a c k  o f  




A nhydr ides  a l s o  r e a c t  w i th  s u l f o x i d e s  p o s s e s s i n g  0-hydrogens  
b u t  no a r h y d r o g e n s . Morin ,  e t  a l . 19 have found t h a t  when 2 , 2 -  
d lm e th y l th la c h ro m a n  1 -o x id e  (Vi)  i s  t r e a t e d  w i t h  a c e t i c  a n h y d r id e ,  
compound ( IX) i s  formed In  30$ y i e l d .  The r e a c t i o n  mechanism p o s t u ­
l a t e d  I n v o lv e s  an e l i m i n a t i o n  fo l lo w e d  by a d d i t i o n  o f  t h e  s u l f e n y l  
d e r i v a t i v e  t o  t h e  g e n e r a t e d  doub le  bond ( s e e  Scheme I ) . The e x p e r i ­
m en ta l  c o n d i t i o n s  under  which t h i s  r e a c t i o n  was c a r r i e d  o u t  were no t  
g iv e n .  However,  a s i m i l a r  r e a c t i o n  f o r  phenoxymethyl p e n i c i l l i n  s u l ­
fo x id e  m ethy l  e s t e r  and a c e t i c  an h y d r id e  has  been  c a r r i e d  o u t  a t  r e f l u x  
t e m p e r a tu r e  f o r  30 m inu tes  u s i n g  a c e t i c  a c i d  as  t h e  s o l v e n t . 20
SCHEME I
0
OH 0-C -C H 3
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5- D ecom pos i t ion  o f  S u l f o x i d e s  In  t h e  P r e s e n c e  end Absence o f  
Benzoic  A nhydr ide :
In  o r d e r  t o  b e t t e r  d e t e r m in e  t h e  f a t e  o f  s u l f o x i d e s  i n  t h e  
r e a c t i o n  o f  BPO w i th  s u l f i d e s ,  we have c a r r i e d  o u t  s t u d i e s  on t h e  de ­
c o m p o s i t i o n  o f  s u l f o x i d e s  u n d e r  v a r i o u s  c o n d i t i o n s .  F i r s t ,  we have 
s t u d i e d  t h e  r a t e  o f  f o r m a t i o n  o f  o l e f i n  upon h e a t i n g  t h e  s u l f o x i d e  In  
CC14 a t  8 0 ° .  Then we r e p e a t e d  th e  s t u d i e s  w i t h  b e n z o ic  a n h y d r id e  
p r e s e n t  a l s o .  In  t h e  l a t t e r  s t u d i e s ,  t h e  r a t e  o f  d i s a p p e a r a n c e  o f  
b e n z o ic  a n h y d r id e  and th e  r a t e  o f  f o r m a t i o n  o f  b e n z o ic  a c i d  as  w e l l  
a s  t h e  r a t e  o f  f o r m a t i o n  o f  o l e f i n  were f o l l o w e d .
We have found t h a t  i s o b u t y l  s u l f o x i d e  i s  s t a b l e  i n  CC14 a t  
60° f o r  s e v e r a l  d a y s .  We a l s o  have  h e a t e d  i s o b u t y l  s u l f o x i d e  i n  CC14 
In  t h e  p r e s e n c e  o f  b e n z o ic  a n h y d r i d e  a t  80° f o r  two days  and found 
o n ly  a s m a l l  amount o f  o l e f i n  ( l e s s  t h a n  5 $ ) .  These e x p e r im e n t s  
d e m o n s t r a t e  t h e  th e r m a l  s t a b i l i t y  o f  i s o b u t y l  s u l f o x i d e  even i n  th e  
p r e s e n c e  o f  b e n z o ic  a n h y d r i d e .
However,  t - b u t y l  s u l f o x i d e  h e a t e d  i n  CC14 a t  @0° u n dergoes  
a " C o p e - ty p e "  r e a r r a n g e m e n t  t o  g iv e  i s o b u t y l e n e .  The r a t e  o f  th e  f o r ­
m a t io n  o f  I s o b u t y l e n e  i s  t h e  same In  t h e  p r e s e n c e  and ab se n c e  o f  b e n ­
z o i c  a n h y d r id e  ( s e e  F i g s .  10 and 1 1 ) .  I f  b e n z o ic  a n h y d r id e  I s  p r e s e n t ,  
i t  i s  c o n v e r t e d  t o  b e n z o ic  a c i d .  The i n d i c a t i o n  l a  t h a t  I s o b u t y l e n e  
i s  formed by t h e  u n l m o l e c u l a r  d e c o m p o s i t i o n  o f  s u l f o x i d e  and t h a t  t h e  
c o n v e r s i o n  o f  a n h y d r id e  t o  a c i d  i n v o l v e s  a s u b s e q u e n t  r e a c t i o n  o f  






t im e  ( h r )
FIGURE 10. A p l o t  o f  t h e  f o r m a t i o n  o f  I s o b u t y l e n e  in  t h e  
d e c o m p o s i t i o n  o f  t - b u t y l  s u l f o x i d e  In  CC14 a t  








t im e  ( h r )
FIGURE I I .  A p l o t  o f  t h e  p r o d u c t s  o f  d e c o m p o s i t i o n  o f  
t - b u t y l  s u l f o x i d e  i n  CC14 a t  80° i n  t h e  
p r e s e n c e  o f  b e n z o i c  a n h y d r i d e ;  ( s u l f o x i d e ) 0 ”
0 .0 6 6 1 ,  ( a n h y d r i d e )o  " 0 .0 6 1 U , b e n z o ic  a c i d  
0  , b e n z o ic  a n h y d r id e  A , I s o b u t y l e n e  ■  .
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1|. T h lo ls u lf ln a te s :
T h lo ls u lf ln a t e s  can e lim in a te  o l e f i n  v ia  a  "C ope-type" re­
a c t io n  analogous to  th a  "Copa-typa*1 e l im in a t io n  o f  s u l f o x id e s  (e q , 1 6 ) .
R-S-S-C" N -♦ RSSOH + ^ C -cC  (1 8 )
However, t h l o l s u l f l n a t e s , u n lik e  s u l f o x id e s ,  can  undergo o th e r  modes
o f  therm al d eco m p o sitio n . The ch em istry  o f  a r y l t h l o l s u l f l n a t e s  has
been s tu d ie d  r e c e n t ly  by Fava21 and K le e .22 The therm al d ecom p osition  
o f  th e se  compounds In v o lv e s  the h o m o ly tlc  c le a v a g e  o f  th e  S-S bond 
w ith  tha  major r a a c t lo n  p rod u cts b e in g  d i s u l f i d e  and t h lo l s u l f I n a t s .
? A ?
A r-S-S-A r m ArS* +  *S-Ar (1 9 )
2ArS ’ -* A r-S-S-A r (20)
r ?  i[A r -S -O -S -A rJ2ArS-0* -* ^Ar-S- - j A r-S-S-A r (21)
0
B lock23 has bean s tu d y in g  tha ch em istry  o f  a lk y l  t h lo l s u l -  
f ln a t e s ,  and p re lim in a ry  r e s u l t s  I n d ic a te  th a t  th e system  Is  q u ite  
com plex. For I n s ta n c e , B lock has found th a t  upon h e a t in g  neat 
EtS(0)SM e a t  9 5 ° ,  tha  fo llo w in g  p rod u cts  ware d e te c te d :  MaSSMe,
EtSSEt, MaSSSMe, MeSSSEt, EtSSSEt, EtSOcSHe, and EtSOaEt.
B lock  has a l s o  s tu d la d  tb a  sym m etrical and u n sy n m etrlca l 
a lk y l  t h lo l s u l f l n a t a s  where R I s  m eth y l, e t h y l ,  p r o p y l, b u t y l ,  and 
t - b u t y l .  Ha h as found th a t "about o l a f l n  Is  forsied In  some c a s e s ,
T h is r e a c t io n  probab ly  In v o lv e s  th e  same " cop e-typ e"  e l im in a t io n  th a t  
o ccu rs  fo r  s u l f o x id e s .
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5 . Decom pos i t ion  of  T h l o l s u l f l n a t e s  In  th e  P re se n ce  and Absence 
o f  Benzoic Anhydride:
We have s y n th e s i z e d  t - b u t y l  t h l o l s u l f i n a t e  I n d e p e n d e n t ly  and 
have measured th e  r a t e  o f  f o rm a t io n  o f  o l e f i n  when t h e  t h l o l s u l f I n a t e  
I s  a l low ed  t o  decompose th e r m a l l y  In  CC14 a t  80° b o th  In  t h e  p re se n c e  
and absence  of  b en z o ic  a n h y d r id e .  Under t h e s e  c o n d i t i o n s  t h e r e  I s  no 
a p p a r e n t  d i f f e r e n c e  In  t h e  r a t e  o f  fo rm a t io n  o f  o l e f i n .  These runs  
have been c a r r i e d  o u t  bo th  In  th e  p r e se n c e  and absence  o f  oxygen.
When th e  samples  a r e  no t  d e g a s s e d ,  t h e  r a t e  o f  fo rm a t io n  o f  b o th  
o l e f i n  and benzo ic  a c i d  ( i n  th e  run c o n t a i n i n g  benzo ic  a n h y d r id e )  I s  
g r e a t e r  than  In  the  ca se  where th e  samples have been d e g a s se d .  I t  
a l s o  shou ld  be p o i n t e d  o u t  t h a t  p o l y s u l f l d e s  a r e  formed In  the  decompo­
s i t i o n  o f  t h l o l s u l f l n a t e s .  Block23 has  a l s o  r e p o r t e d  f i n d i n g  p o ly ­
s u l f l d e s  p r e s e n t  in  t h e  s t u d i e s  he has  c a r r i e d  o u t  on t h l o l s u l f l n a t e s .
We have s t u d i e d  the  d e c o m p o s i t io n  o f  t - b u t y l  t h l o l s u l f I n a t e  
(w i th  b enzo ic  a n h y d r id e  p r e s e n t )  In  t h e  p r e se n c e  of  a n o t h e r  d i s u l f i d e  
t o  d e te rm in e  I f  any o l e f i n  o t h e r  t h a n  I s o b u t y l e n e  i s  formed. We h ave ,  
i n  f a c t ,  found t h a t  i f  ASSA i s  p r e s e n t ,  some 2 - m e th y l - 2 - b u te n e  and 
2 -m e th y l - 1 - b u te n e  a r e  formed ( s e e  F i g .  1 2 ) .  The I n d i c a t i o n  i s  t h a t  
t h e  system I s  complex and t h a t  minor  s i d e  r e a c t i o n s  e x i s t  which a r e  
s t i l l  u n e x p la in e d .
B. KINETICS
A p p a re n t ly  bo th  s u l f i d e s  and d i s u l f i d e s ,  r e g a r d l e s s  o f  t h e  
n a t u r e  o f  t h e  s u b s t i t u e n t ,  can  undergo th e  same I n i t i a l  a t t a c k  on BPO 






t im e  ( h r )
FIGURE 12.  A p l o t  o f  t h e  p r o d u c t s  o f  d e c o m p o s i t io n  o f
t - b u t y l  t h l o l s u l f I n a t e  i n  CC14 a t  80°  i n  t h e  
p r e s e n c e  o f  b e n z o ic  a n h y d r i d e  and ASSA; 
( a n h y d r l d e ) o  " 0 . 0 5 0 0 , ( t h l o l s u l f i n a t e ) 0 “ 
0 . 1 0 0 ,  (ASSA)o "  0 . 2 0 1 ,  b e n z o ic  a c i d  #  , 
b e n z o ic  a n h y d r id e  a. > I s o b u t y l e n e  ■  , 
p e n t e n e s  Q  .
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n u c l e o p h i l l c i t y  o f  t h e  s u l f i d e  o r  d i s u l f i d e  which can e x p l a i n  the  
g r e a t e r  r e a c t i v i t y  o f  s u l f i d e s .  We have  c h o sen  t o  d i s c u s s  t h e  r e ­
a c t i v i t y  of  s u l f i d e s  and d i s u l f i d e s  s e p a r a t e l y .  Scheme I I  i l l u s t r a t e s  
t h e  p roposed  mechanism f o r  t h e  B P O -su l f id e  sy s tem .  So t h a t  t h e  k i n e ­
t i c s  can  be p r e s e n t e d  more c l e a r l y ,  Scheme I I  i s  g iv e n  h e r e .  The 
mechanism w i l l  be d i s c u s s e d  in  d e t a i l  l a t e r  i n  t h i s  D i s s e r t a t i o n .  
D i s u l f i d e s  form a complex ( I * )  a n a lo g o u s  t o  I  w h e re in  t h e  BPO- 
d i s u l f l d e  s y s te m ,  one o f  t h e  R g r o u p s ,  i s  a t h i y l  g roup ( s e e  e q .  5)-
1. S u l f i d e s :
The o r d e r  o f  r e a c t i v i t y  o f  a l k y l  s u l f i d e s  toward  BPO can be 
r a t i o n a l i z e d  i n  two ways. F i r s t ,  s t e r i c  e f f e c t s  must be t a k e n  I n t o  
c o n s i d e r a t i o n ,  e s p e c i a l l y  i f  t h e  s u l f i d e  has  b u lky  s u b s t i t u e n t s  in  
t h e  p o s i t i o n  & t o  t h e  S a tom.  As th e  a l k y l  g roup  becomes more bu lky  
a t  t h e  o - p o s l t l o n ,  t h e  r e l a t i v e  r e a c t i v i t y  o f  t h e  s u l f i d e  d e c r e a s e s .
The r e l a t i v e  r e a c t i v i t y  o f  s u l f i d e s  I s :  m e th y l  >  p r o p y l  >  i s o - b u t y l  >
s e c - b u t y l  >  t - b u t y l  p h e n y l .  The low r e a c t i v i t y  o f  p h en y l  s u l f i d e  
c a n  be e x p l a i n e d  by c o n s i d e r i n g  th e  n u c l e o p h i l l c  p r o p e r t i e s  o f  t h e  
s u l f i d e s .  The n u c l e o p h i l l c i t y  o f  a l k y l  s u l f i d e s  sh o u ld  be e s s e n t i a l l y  
in d e p e n d e n t  o f  t h e  n a t u r e  o f  t h e  a l k y l  g roup .  However, i n  t h e  c a s e  o f  
p h e n y l  s u l f i d e ,  t h e  non-bonded e l e c t r o n s  on s u l f u r  c o u ld  i n t e r a c t  w i th  
t h e  TT sys tem  on t h e  p heny l  r i n g s  which would s t a b i l i z e  t h e  ground s t a t e  
and e f f e c t i v e l y  i n c r e a s e  t h e  e n e rg y  o f  a c t i v a t i o n  f o r  a n u c l e o p h i l l c  
a t t a c k .
The r e l a t i v e  r e a c t i v i t y  o f  t h e  a l k y l  s u l f i d e s  w i th  BPO can  
a l s o  be r a t i o n a l i z e d  in  a second way. I f  t h e  f o r m a t i o n  o f  I  i s
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XIII -* (R-H) + HgO + (S) (5 0)
n(s) + RaS ^
I-*, R ■ phenyl
-b, R - methyl
-c, R - t-butyl
■d, R ■ l e o - b « t y l  
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r e v e r s i b l e  ( s e e  eq ,  2 2 ) ,  t h e  obse rved  r a t e  c o n s t a n t  f o r  t h e  d i s a p ­
p ea ran c e  o f  BPO w i l l  Invo lve  t h e  e q u i l i b r i u m  c o n s t a n t  (K2) as  w e l l  as  
t h e  r a t e  c o n s t a n t  f o r  one o r  more su b seq u en t  r e a c t i o n s ,  p ro v id e d  t h a t  
a r a p id  p r i o r  e q u i l i b r i u m  I s  e s t a b l i s h e d .  The complex I  f o r  s u l f i d e s  
can r e a c t  In  t h r e e  ways o t h e r  th a n  th e  r e t u r n  t o  s t a r t i n g  m a t e r i a l s .
The b en zo a te  an ion  can  a t t a c k  t h e  c a rb o n y l  c a rb o n  (eq.  2 3 ) to  produce 
s u l f o x i d e  and a n h y d r id e ;  I t  can a b s t r a c t  a 9 -hydrogen  (e q .  26) to  
produce o l e f i n ,  b enzo ic  a c i d ,  and a benzoyloxy  a l k y l  s u l f i d e  ( X I I ) ; 
o r  I t  can a b s t r a c t  an  or-hydrogen (eq .  2h)  t o  produce  b e n z o ic  a c id  and 
an y l l d e  as  In  the  c a s e  o f  methyl  s u l f i d e .
Let us now c o n s id e r  t h e  r e l a t i v e  r a t e  o f  a t t a c k  o f  th e  
b en zo a te  a n io n  on t h e  su lfoxon ium  c a t i o n .  I t  I s  r e a s o n a b le  t o  p r e ­
d i c t  t h a t  t h e  a b s t r a c t i o n  o f  an cr-hydrogen would be e n e r g e t i c a l l y  more 
f a v o r a b le  than  the  a b s t r a c t i o n  o f  a 6 -hydrogen .  A l s o ,  based  on t h e  
a c i d i t y  o f  the  a n io n  formed,  t h e  b e n z o a te  a n io n  would be ex p ec te d  to  
a b s t r a c t  a p r o to n  In  the  o r d e r  1° > 2 °  > 3 ° .  T h e r e f o r e ,  t h e  a n t i c i ­
p a t e d  o r d e r  o f  r e a c t i v i t y  o f  t h e  b en z o a te  a n lo n  w i t h  the  su l foxon ium  
c a t i o n  i s  methyl  >  p ro p y l  >  I s o - b u t y l  >  s e c - b u t y l  >  t - b u t y l .  The o r d e r  
o f  r e a c t i v i t y  I s  th e  same o r d e r  as  t h a t  o f  t h e  c o r r e s p o n d in g  a l k y l  s u l ­
f i d e s  w i th  BFO.
We have found t h a t  I s o - b u t y l  s u l f o x i d e  i s  s t a b l e  In  CCl4 
a t  c30° f o r  two days ,  even In  t h e  p r e sen c e  o f  b enzo ic  a c i d .  The amount 
o f  i s o b u t y l e n e  formed I s  l e s s  th an  5$* However, when t - b u t y l  s u l f o x i d e  
Is h e a t e d  In  CC14 a t  8 0 ° ,  I s o b u t y l e n e  I s  p roduced ,  a p p a r e n t l y  by th e  
"Cope- type"  e l i m i n a t i o n  ( s e e  eq .  16 ) .  The r a t e  o f  fo rm a t io n  o f  l s o -  
b u ty l e n e  I s  t h e  same In  th e  p re se n c e  and absence  o f  b en zo ic  a n h y d r id e .
t>5
The fo rm a tio n  o f  b e n z o ic  a c id  i s  a p p a ren tly  due to  th e  r e a c t io n  o f
b e n z o ic  anh ydride w ith  RSOH, a b y -p rod u ct o f  th e  d eco m p o sitio n  o f  t -
b u ty l s u l f o x id e .
I f  s t a b i l i t y  o f  t h e  s u l f o x i d e  were t h e  d e t e r m in in g  f a c t o r  
in  th e  o r d e r  o f  r e a c t i v i t y  o f  s u l f i d e s ,  TST would be more r e a c t i v e  
than  i s o - b u t y l  s u l f i d e  toward BPO. However, such  i s  n o t  t h e  c a s e .  
T h e r e f o r e ,  i f  t h e  s t a b i l i t y  o f  the  s u l f o x i d e  does  I n f l u e n c e  th e  r a t e  
o f  d i s a p p e a ra n c e  o f  BFO, t h a t  I n f l u e n c e  i s  much l e s s  im p o r tan t  th an  
th e  s t e r l c  c o n s i d e r a t i o n s  Invo lved  i n  t h e  n u c l e o p h l l l c  a t t a c k  o f  the  
s u l f i d e  on BPO.
2 . D i s u l f i d e s :
D i s u l f i d e s  a r e  g e n e r a l l y  l e s s  r e a c t i v e  toward BPO than  s u l ­
f i d e s .  Th is  can be r a t i o n a l i z e d  on th e  b a s i s  o f  the  r e l a t i v e  n u c le o -
p h i l i c l t l e s  o f  s u l f i d e s  and d i s u l f i d e s .  A compar ison  of  th e  r e l a t i v e  
r e a c t i v i t i e s  of  d i s u l f i d e s  w i th  BPO i s  l e s s  i n f o r m a t i v e  th an  In  t h e  
ca se  o f  s u l f i d e s . 24 Changing th e  n a t u r e  o f  t h e  a l k y l  group o f  d i s u l ­
f i d e s  has  a  s m a l l e r  e f f e c t  on th e  r a t e  of  d eco m p o s i t io n  o f  BPO t h a n  a  
s i m i l a r  change In  the  r e s p e c t i v e  s u l f i d e .  A s tu d y  o f  the  a p p r o p r i a t e  
models i n d i c a t e s  t h a t  s t e r l c  e f f e c t s  should  be l e s s  s i g n i f i c a n t  i n  
t h e  c a s e  o f  d i s u l f i d e s  t h an  i n  t h e  c a s e  o f  s u l f i d e s .  T h e r e f o r e ,  any 
change In t h e  b u l k i n e s s  o f  t h e  a l k y l  group would be ex p e c ted  t o  have 
a much g r e a t e r  e f f e c t  on the  r e l a t i v e  r e a c t i v i t y  of  s u l f i d e s  th a n  o f  
d i s u l f i d e s .
A change i n  t h e  n a t u r e  o f  the  a l k y l  group f o r  s u l f o x i d e s  and
t h l o s u l f l n a t e s  would p ro b ab ly  I n f l u e n c e  th e  r a t e  of  d eco m p o s i t io n  of
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t h e  s u l f o x i d e  more than  t h e  ana logous  t h l o l s u l f i n a t e .  A s u l f o x i d e  i s  
s y m m etr ica l  and can  undergo  a  "Cope- type"  e l i m i n a t i o n  i n v o l v i n g  e i t h e r  
o f  the  two a l k y l  s u b s t i t u e n t s .  However,  i n  t h e  c a se  o f  a l k y l  t h l o l ­
s u l f  I n a t e s ,  on ly  t h e  a l k y l  group on t h e  oxygen b e a r i n g  s u l f u r  can be 
i n v o lv e d  in  t h e  "Cope- type"  e l i m i n a t i o n  ( eq ,  1 8 ) .  There  s h o u ld ,  t h e r e ­
f o r e ,  be a s t a t i s t i c a l  f a c t o r  o f  two Invo lved  such t h a t  any v a r i a t i o n  
i n  the  a l k y l  group should  have tw ice  th e  e f f e c t  on s u l f o x i d e s  t h a t  I t  
has  on t h l o l s u l f i n a t e s . The same argument  c o u ld  be used  f o r  any o t h e r  
r e a c t i o n  in v o lv in g  t h e  d e s t r u c t i o n  o f  I * ( such  as  th e  a b s t r a c t i o n  o f  
e i t h e r  ot o r  0 p r o t o n s ) .  I f  any of  t h e s e  r e a c t i o n s  i n f l u e n c e  th e  r a t e  
o f  d ecom pos i t ion  o f  BPO (.i .e .*,  i f  t h e  fo rm a t io n  o f  I '  i s  r e v e r s i b l e ) ,  
changes  in  t h e  a l k y l  groups o f  s u l f i d e s  might  be ex p ec te d  to  have a 
g r e a t e r  I n f l u e n c e  on t h e i r  r e a c t i v i t y  th an  th e  ana logous  change in  
th e  c o r r e s p o n d in g  d i s u l f i d e .
I f  th e  s t a b i l i t y  o f  s u l f o x i d e s  and t h l o l s u l f i n a t e s  has  any 
i n f l u e n c e  on t h e  r a t e  o f  d i s a p p e a r a n c e  o f  BPO, t h e  d i f f e r e n c e  in  
s t a b i l i t y  o f  s u l f o x i d e s  and t h l o l s u l f I n a t e s  must be c o n s i d e r e d .
Whereas s u l f o x i d e s  a r e  r e l a t i v e l y  s t a b l e  compounds, t h l o l s u l f l n a t e s  
can  undergo h o m o ly t lc  d eco m p o s i t io n  ( e q .  19) • The r a t e  o f  hom olys ls  
should  be r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  n a t u r e  o f  th e  a l k y l  s u b s t i ­
t u e n t s .  To t h e  e x t e n t  t h a t  t h i s  r e a c t i o n  i s  im p o r ta n t  i n  th e  k i n e t i c  
scheme f o r  th e  r e a c t i o n  o f  BPO w i th  d i s u l f i d e s ,  th e  r e l a t i v e  r e ­
a c t i v i t y  o f  d i s u l f i d e s  due t o  a  change i n  a l k y l  s u b s t i t u e n t s  would be 
d i m i n i s h e d .
However,  i t  a p p e a r s  l i k e l y  t h a t  s t e r i c  e f f e c t s  e x e r t  t h e  
g r e a t e s t  i n f l u e n c e  on r e a c t i v i t y  f o r  a s e r i e s  o f  s u l f i d e s  o r  d i s u l f i d e s .
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O th e r  f a c t o r s  which m igh t  i n f l u e n c e  t h e  r e l a t i v e  r a t e  o f  BPO w i th  
s u l f i d e s  a r e  a p p a r e n t l y  over -shadow ed  by s t e r l c  c o n s i d e r a t i o n s .  The 
n o te d  e x c e p t i o n  i s  p h en y l  s u l f i d e ,  which has  b een  d i s c u s s e d  p r e ­
v io u s  l y .
y .  E f f e c t  o f  Oxygen:
We have  o b s e rv e d  t h a t  even  though  t h e  p r e s e n c e  o f  oxygen 
does no t  a f f e c t  t h e  r a t e  of  d e c o m p o s i t i o n  o f  BPO i n  th e  BPO-TS5T sy s te m ,  
I t  does  a f f e c t  t h e  r a t e  o f  f o r m a t i o n  o f  o l e f i n  and b e n z o ic  a c i d  as  w e l l
as  t h e  r a t e  o f  d i s a p p e a r a n c e  o f  b e n z o ic  a n h y d r i d e .  The r a t e  o f  con­
v e r s i o n  o f  a n h y d r id e  t o  a c i d  and t h e  r a t e  o f  f o r m a t i o n  o f  o l e f i n  a r e  
i n c r e a s e d  i n  t h e  p r e s e n c e  o f  oxygen.
H o rn e r7*^ has  s t u d i e d  th e  e f f e c t  o f  oxygen on t h e  r e a c t i o n  o f  
BPO w i t h  d im e th y l  a n i l i n e .  He h a s  found t h a t  t h e  second  o r d e r  r a t e  
c o n s t a n t  f o r  p e r o x i d e  d i s a p p e a r a n c e  i s  g r e a t e r  in  a n i t r o g e n  a tmos­
p h e re  th a n  in  an oxygen a tm o s p h e r e ,  and t h a t  t h e  a p p e a r a n c e  o f  b e n z o ic  
a c i d  i s  f a s t e r  i n  an oxygen a tm o sp h e re  t h a n  t h e  d i s a p p e a r a n c e  o f  p e r o ­
x id e  measured  l o d o m e t r l c a l l y . He c o n c lu d e s  t h a t  oxygen p e r m i t s  the
f o r m a t i o n  o f  a t l t r a t a b l e  p e r o x i d e ,  bu t  he has  n o t  been  a b l e  t o  i s o ­
l a t e  such  a  compound. W a l l in g  and I n d i e 1t o r 5 have  found t h a t  t h e  ex ­
c l u s i o n  o f  oxygen I n c r e a s e s  t h e  r a t e  o f  d e c o m p o s i t i o n  o f  p e r o x i d e ,  
b u t  t h e  p r e s e n c e  o f  s t y r e n e  e l i m i n a t e s  t h i s  e f f e c t .  W a l l in g  c o n c lu d e s  
t h a t  H o r n e r ' s  t l t r a t a b l e  p e r o x i d e  n e v e r  has  t h e  o p p o r t u n i t y  t o  be 
formed In  t h e  p r e s e n c e  o f  s t y r e n e .  The p o l y m e r i z i n g  s t y r e n e  t r a p s  
t h e  oxygen.
C. MECHANISM
An a n a l y s i s  o f  Che r e a c t i o n  p r o f i l e ,  k i n e t i c  s t u d i e s ,  and 
knowledge o f  th e  c h e m is t r y  o f  s u l f o x i d e s  and t h l o l s u l f I n a t e s  makes I t  
p o s s i b l e  to  p ropose  a r e a c t i o n  mechanism f o r  t h e  r e a c t i o n  of  BPO w i th  
s u l f i d e s  and d i s u l f i d e s .  We s h a l l  f i r s t  d i s c u s s  th e  mechanism o f  t h e  
r e a c t i o n  o f  BPO w i th  s u l f i d e s ,  go ing  from th e  s im p l e s t  system ( s u l f i d e s  
c o n t a i n i n g  no a b s t r a c t a b l e  hydrogens)  t o  t h e  most c o m p l ica ted  system 
( s u l f i d e s  c o n t a i n i n g  bo th  a  and £ h y d ro g e n s ) .
1. S u l f i d e s :
a .  Phenyl  S u l f i d e :
The complex I n i t i a l l y  formed In  th e  r e a c t i o n  o f  BPO w i th  
phenyl  s u l f i d e  ( i - a )  can  undergo  s e v e r a l  r e a c t i o n s  I n v o lv in g  the  
n u c l e o p h l l l c  a t t a c k  o f  t h e  b e n z o a te  a n io n  on th e  su l fox lum  c a t i o n  ( see  
Scheme I I ) . F i r s t ,  a d i sp la c e m e n t  on s u l f u r  would g iv e  an i d e n t i c a l  
p roduc t  and would go u n n o t i c e d .  Second,  an a t t a c k  on th e  c a rb o n y l  
carbon  atom would p roduce  b en zo ic  a n h y d r id e  and phenyl  s u l f o x i d e  ( e q .  
2 3 ) .  T h i r d ,  t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  t h e r e  can be an a t t a c k  on 
th e  e t h e r e a l  oxygen to  re fo rm  th e  s t a r t i n g  m a t e r i a l s .  There I s  e v i ­
dence f o r  th e  ana logous  r e v e r s e  r e a c t i o n  I n  th e  BPO-dlmethyl a n i l i n e  
s y s t e m . 25 The fo rm a t io n  o f  b en zo ic  an h y d r id e  and phenyl  s u l f o x i d e  
I n d i c a t e s  t h a t  t h e  second r e a c t i o n  I s  t a k i n g  p l a c e .
b.  Methyl S u l f i d e :
We s h a l l  now c o n s i d e r  a system t h a t  c o n t a i n s  s u l f i d e s  which 
p o s s e s s  a c t i v e  hydrogens i n  t h e  o r-pos i t  Ion .  In  th e  BFO-methyl s u l f i d e  
system th e  fo rm a t io n  of  b enzo ic  a c i d ,  b en zo ic  a n h y d r id e ,  DMSO, and
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BOMS, has  been e x p la in e d  In  terms o f  t h e  mechanism shown In Scheme I I .  
F i r s t ,  i t  should  be no ted  t h a t  b en zo ic  an h y d r id e  and DMSO rea ch  a  
maximum c o n c e n t r a t i o n  e a r l y  i n  t h e  r e a c t i o n .  We have p r e v i o u s l y  d i s ­
c u s sed  th e  p r o b a b i l i t y  t h a t  b en zo ic  a n h y d r id e  r e a c t s  w i th  DMSO v i a  
t h e  complex I  t o  produce  benzo ic  a c i d  and BOMS. As I n d i c a t e d  In  
Scheme I I  ( eq .  2U) th e  b en z o a te  an io n  can  a b s t r a c t  a  p r o to n  from t h e  
su lfoxon ium  c a t i o n  t o  produce b en z o ic  a c i d  and a y l l d e  which can sub­
s e q u e n t ly  r e a r r a n g e  ( e q .  2 5 ) t o  form t h e  ^ - s u b s t i t u t i o n  p roduc t  BOMS. 
We have th u s  p o s t u l a t e d  t h a t  in  a d d i t i o n  to  t h e  modes o f  d ecom pos i t ion  
a v a i l a b l e  t o  I - a ,  an a d d i t i o n a l  r e a c t i o n  can  t a k e  p l a c e  In th e  BPO- 
methyl  s u l f i d e  sys tem ;  namely,  t h e  a b s t r a c t i o n  o f  an cr -proton by the  
ben zo a te  a n i o n .
There  I s  o t h e r  e v id e n c e  I n  t h e  l i t e r a t u r e  f o r  t h i s  type  
r e a c t i o n  and r ea r r a n g e m e n t .  S orenson26 has  found t h a t  I f  two moles 
o f  phenyl  I s o c y a n a t e ,  one mole o f  b e n z o ic  a c i d ,  and one mole o f  DMSO 
a re  wanned in  benzene ,  sym-dlphenyl  u r e a ,  c a rb o n  d i o x i d e ,  and BOMS a r e  
formed. Sorenson  has  p o s t u l a t e d  a  mechanism I n v o lv in g  t h e  I n i t i a l  
fo rm a t io n  o f  a mixed c a r b o x y l l c - c a r b a m l c  a n h y d r id e  which s u b s e q u e n t ly  
r e a c t s  w i t h  DMSO t o  form a complex (XIV) ana logous  t o  th e  one t h a t  we 
have p o s t u l a t e d  ( se e  Scheme I I I ) .  The complex decomposes v i a  p r o to n  
a b s t r a c t i o n  t o  form phenyl  carbam lc  a c i d  and a y l l d e  which r e a r r a n g e s  
to  form BOMS. Phenyl carbam lc  a c id  can d e c a r b o x y l a t e  t o  g ive  a n i l i n e  
which r e a c t s  w i th  a second mole o f  I s o c y a n a te  t o  form the  u r e a  and 
c a rb o n  d i o x i d e .
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c .  t - B u t y l  S u l f i d e  (TST):
The BPO-TST system i s  r e p r e s e n t a t i v e  o f  th e  r e a c t i o n  o f  BPO 
w i th  a s u l f i d e  p o s s e s s i n g  0 -h y d ro g en s .  TST can  r e a c t  w i t h  BPO t o  form 
th e  same ty p e  complex produced in  t h e  BPO-phenyl B u l f id e  and BPO- 
methyl  s u l f i d e  sy s te m s .  The modes o f  d eco m p o s i t io n  open t o  th e  complex 
( i - c )  a r e  th o se  a v a i l a b l e  t o  ( I - a )  as  w e l l  a s  t h e  a b s t r a c t i o n  o f  a 3- 
p r o to n  (eq .  26 In  Scheme 1 1 ) .  The a b s t r a c t i o n  o f  an cr -pro ton  i s  
o b v io u s ly  no t  p o s s i b l e  i n  th e  BPO-TST system.
Another  f a c e t  o f  t h e  BPO-TST system which must be c o n s id e re d
i s  th e  s t a b i l i t y  o f  t h e  s u l f o x i d e  formed.  We have found t h a t  t - b u t y l
s u l f o x i d e  can undergo a "C o p e- ty p e"  e l i m i n a t i o n  t o  produce o l e f i n  and 
t h e  s u l f l n l c  a c i d  ( se e  eq.  2 8 ) .  We have a l s o  found t h a t  t h e  r a t e  of 
f o rm a t io n  o f  o l e f i n  i s  the  same r e g a r d l e s s  o f  w he the r  benzo ic  a n h y d r id e  
Is  p r e s e n t ,  a f i n d i n g  which I n d i c a t e s  t h a t  t - b u t y l  s u l f o x i d e  decom­
p oses  in  a u n lm o le c u la r  manner r a t h e r  th an  t h ro u g h  a r e a c t i o n  w i th  
benzoic  a n h y d r id e .  F u r th e rm o re ,  a  b l m o le c u la r  r e a c t i o n  between t -  
b u t y l  s u l f o x i d e  and benzo ic  a n h y d r id e  should  g iv e  a c o n s t a n t  r a t i o  o f  
o l e f i n  t o  b en zo ic  a c id  over  t h e  e n t i r e  c o u r s e  o f  th e  r e a c t i o n .  Our 
d a t a  I n d i c a t e  t h a t  t h i s  I s  n o t  th e  c a s e ;  r a t h e r ,  we have  found a  h ig h
o l e f i n  t o  a c i d  r a t i o  e a r l y  In  th e  r e a c t i o n  fo l lo w ed  by a  b u i l d u p  of
a c i d  as t h e  r e a c t i o n  p r o g r e s s e s .  A p p a re n t ly  t h e  s u l f l n l c  a c i d  ( X I I I - c )  
which i s  formed a s  a b y - p ro d u c t  of  th e  "C ope- type"  e l i m i n a t i o n  o f  t -  
b u t y l  s u l f o x i d e  r e a c t s  w i th  b enzo ic  a n h y d r id e  In  a subsequen t  r e a c t i o n  to  
form b en zo ic  a c i d .
A compar ison  o f  t h e  p ro d u c t  p r o f i l e s  o f  th e  d eco m p o s i t io n  o f  
t - b u t y l  s u l f o x i d e  in  t h e  p r e se n c e  o f  b en zo ic  a n h y d r id e  w i th  t h e  BPO-TST
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sy s te m  i s  q u i t e  I n f o r m a t i v e .  F i r s t ,  t h e  r a t e  o f  t r a n s f o r m a t i o n  o f  
a n h y d r i d e  t o  a c i d  and  th e  r a t e  o f  f o r m a t i o n  o f  o l e f i n  I n  t h e  s u l f o x i d e -  
a n h y d r l d e  sy s tem  p a r a l l e l  t h i s  sequence  I n  t h e  r e a c t i o n  o f  BPO w i t h  
TST. Second ,  th e  r a t e  o f  f o r m a t i o n  o f  b o t h  o l e f i n  and a c i d  a r e  f a c i l ­
i t a t e d  by t h e  p r e s e n c e  o f  oxygen In  t h e  s u l f o x l d e - a n h y d r l d e  s y s te m .
The p r e s e n c e  o f  oxygen a l s o  en h an c es  t h e  r a t e  o f  f o r m a t i o n  o f  o l e f i n  
and a c i d  i n  t h e  BPO-TST s y s te m .  T h i r d ,  TSST and p o l y s u l f i d e s  a r e  
formed i n  b o th  s y s t e m s .
We have  p r e s e n t e d  s t r o n g  e v id e n c e  t h a t  i n  t h e  BPO-TST sys tem  
t h e  t r a n s f o r m a t i o n  o f  b e n z o ic  a n h y d r i d e  and t - b u t y l  s u l f o x i d e  t o  ben­
z o i c  a c i d  and I s o b u t y l e n e  i s  due t o  t h e  " C o p e - ty p e"  e l i m i n a t i o n  o f  
t - b u t y l  s u l f o x i d e  f o l lo w e d  by a  s u b se q u e n t  r e a c t i o n  o f  TSOH w i t h  ben­
z o ic  a n h y d r i d e .  I t  I s  u n l i k e l y  t h a t  (Scheme I I ) o c c u r s  t o  an a p ­
p r e c i a b l e  e x t e n t .
d .  I s o - B u ty l  S u l f i d e :
We have p o s t u l a t e d  r e a c t i o n  mechanisms f o r  BPO w i t h  s u l f i d e s  
p o s s e s s i n g  a -h y d ro g e n s  and w i t h  s u l f i d e s  p o s s e s s i n g  0 - h y d r o g e n s .  I t  
i s  o f  I n t e r e s t  t o  c o n s i d e r  what  would t a k e  p l a c e  i n  t h e  r e a c t i o n  o f  BPO 
w i th  a  s u l f i d e  t h a t  has  b o th  a -  and 0 - h y d r o g e n s .  I t  I s  p o s s i b l e  f o r  
t h e  complex ( i - d )  t o  decompose by a l l  o f  t h e  r e a c t i o n  p a t h s  d i s c u s s e d  
i n  t h e  BPO-TST sy s te m  a s  w e l l  a s  by t h e  a b s t r a c t i o n  o f  an  a r -p ro ton  
from t h e  su l fo x o n iu m  c a t i o n  as  shown i n  t h e  BFO-methyl s u l f i d e  sys tem .  
An in d e p e n d e n t  s tu d y  t o  d e t e r m in e  t h e  r e a c t i v i t y  o f  i s o - b u t y l  s u l f o x i d e  
shows t h a t  i t  I s  t h e r m a l l y  s t a b l e  I n  CC14 a t  8 0 ° .  I t  t h e r e f o r e  i s  not 
s u r p r i s i n g  t h a t  o n ly  a t r a c e  amount o f  I s o b u t y l e n e  I s  formed In  t h e  
r e a c t i o n  o f  BPO w i t h  i s o - b u t y l  s u l f i d e .  I t  i s  p o s s i b l e  t h a t  t h e
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r e l u c t a n c e  of l s o - b u t y l  s u l f o x i d e  t o  undergo  th e  "Cope- type"  e l i m i n a ­
t i o n  Is  due t o  s t e r l c  e f f e c t s  In  th e  t r a n s i t i o n  s t a t e .  (For  a  d i s c u s ­
s i o n ,  see  the  s e c t i o n  on t h e  Chem is t ry  of  S u l f o x i d e s ,  and Ref .  16) .  
However,  i s o - b u t y l  s u l f o x i d e  does  r e a c t  w i th  benzo ic  an h y d r id e  t o  form 
b en zo ic  a c i d  and a n o t h e r  p r o d u c t  which i s  p ro b a b ly  th e  o r - s u b s t i t u t i o n  
p r o d u c t .  The fo rm a t io n  o f  t h e s e  p r o d u c t s  p a r a l l e l s  t h e  fo rm a t io n  o f  
b en zo ic  a c i d  and t h e  o r - s u b s t l t u t l o n  p ro d u c t  In t h e  l s o - b u t y l  s u l f l d e -  
BPO sys tem .  The c o n v e r s i o n  o f  an h y d r id e  t o  a c i d  Is  s low er  in  th e  l s o -  
b u t y l  su l f id e -B P O  system th an  i n  t h e  BPO-TST sys tem .  A p p a r e n t l y ,  l s o -  
b u t y l  s u l f o x i d e  r e a c t s  w i th  benzo ic  a n h y d r id e  In  t h e  same way t h a t  
DMSO r e a c t s  w i th  b en zo ic  a n h y d r id e  t o  form b e n z o ic  a c i d  and t h e  o-  
s u b s t i t u t l o n  produce  ( see  eq .  2U) .
We have d i s c u s s e d  Scheme 11 as a g e n e r a l  m e c h a n i s t i c  scheme 
f o r  th e  r e a c t i o n  o f  BPO w i th  s u l f i d e s .  In  t h i s  s e c t i o n  we have a t ­
tempted t o  e x p l a i n  t h e  r e a c t i o n  o f  BPO w i th  s p e c i f i c  s u l f i d e s  i n  
terms o f  t h e  mechanism i l l u s t r a t e d  in  Scheme 11. The r e a c t i o n  t a k i n g  
p l a c e  in  e q s .  2 2 -28 ,  and t h e  p r o b a b i l i t y  t h a t  a p a r t i c u l a r  r e a c t i o n  
o c c u r s ,  have been d i s c u s s e d  In  t h i s  S e c t i o n .
We now wish  to  c o n s i d e r  b r i e f l y  a more g e n e r a l  r e a c t i o n  — 
th e  f a t e  o f  th e  s u l f e n l c  a c i d  ( X I I I )  formed i n  e q .  28.  I t  can  decom­
pose i n i t i a l l y  t o  produce o l e f i n ,  w a t e r ,  and s u l f u r  ( e q .  3 0 ) ;  o r  I t  
can r e a c t  d i r e c t l y  w i t h  b en zo ic  a n h y d r id e  t o  form b en zo ic  a c i d ,  o l e f i n ,  
and s u l f u r  ( eq .  2 9 ) .  In t h e  fo rm er  c a s e  t h e  w a te r  c o u ld  s u b s e q u e n t ly  
r e a c t  w i t h  b en zo ic  a n h y d r id e  t o  form b en zo ic  a c i d .  Both r e a c t i o n  
p a t h s  l e a d  to  t h e  same p r o d u c t s .  However,  s i n c e  Block23 has  obse rved  
the  p re se n c e  of  w a te r  i n  t h e  d eco m p o s i t io n  o f  t h l o l s u l f i n a t e s , an
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ana logous  r e a c t i o n ,  I t  I s  l i k e l y  t h a t  th e  s u l f e n l c  a c id  f i r s t  decom­
poses  and th e n  b e n z o ic  a n h y d r id e  r e a c t s  w ith  th e  w a te r  formed In  t h a t  
r e a c t i o n  ( e q .  3 0 ) -  The a t t a c k  o f s u l f u r  on s u l f i d e s  p ro b a b ly  acc o u n ts  
fo r  th e  fo rm a t io n  o f  p o l y s u l f i d e s  ( e q .  31 )*
2.  D i s u l f i d e s :
a .  M ethyl D i s u l f i d e :
R e a c t io n  p ro d u c ts  o b ta in e d  from th e  BPO-methyl d i s u l f i d e  
system  I n d ic a t e  t h a t  t h e  same mechanism I s  a p p l i c a b l e  t h a t  was p o s tu ­
l a t e d  f o r  th e  BPO-methyl s u l f i d e  system . The I n te rm e d ia te  complex 
formed i s  i d e n t i c a l  to  1-b e x c e p t  f o r  th e  p re se n c e  o f  th e  a d d i t i o n a l  
s u l f u r  a tom . The complex can  decompose In  th e  same way t o  form ben ­
z o ic  a n h y d r id e  and m ethy l t h i o l s u l f l n a t e  (k 2 ) a s  w e l l  a s  b e n z o ic  a c id  
and th e  o r -s u b s t i t u t i o n  p ro d u c t  (k^) as d id  I - b  in  Scheme I I .  The 
BPO-methyl d i s u l f i d e  system  i s  somewhat more complex th a n  th e  BPO- 
m ethy l s u l f i d e  sys tem  becau se  o f th e  p re se n c e  o f  t h i o l s u l f l n a t e .  As 
d is c u s s e d  p r e v i o u s l y ,  t h l o l s u l f I n a t e s  can  decompose by s e v e r a l  r o u te s  
to  g iv e  a v a r i e t y  o f  p r o d u c t s .
b .  t - B u t y l  D i s u l f i d e  (TSST) and t-Amyl D i s u l f i d e  (ASSA):
In  g e n e r a l ,  t h e  p ro d u c t  p r o f i l e  f o r  th e  BPO-TSST and BPO-
ASSA system s p a r a l l e l s  t h a t  o f  th e  BPO-TST system . In  a l l  o f  th e s e  
sy s te m s ,  none o f  which has a -h y d ro g e n s  on th e  s u l f i d e  o r  d i s u l f i d e ,  
th e  same p r o d u c ts  a r e  formed: b en zo ic  a n h y d r id e ,  b e n z o ic  a c i d ,  o l e f i n ,
s u l f o x id e  (o r  t h i o l s u l f l n a t e ) ,  and p o l y s u l f i d e .  The same mechanism 
i s  p o s t u l a t e d  f o r  th e  BPO-TSST and BPO-ASSA system s t h a t  was p roposed
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f o r  th e  BPO-TST system  w i th  th e  e x c e p t io n  t h a t  an e x t r a  s u l f u r  I s  
p r e s e n t  In  th e  d i s u l f i d e  system .
We have found t h a t  t - b u t y l  t h i o l s u l f l n a t e  l i k e  t - b u t y l -  
s u l f o x ld e  undergoes  a "C ope-type"  e l im i n a t i o n  to  form o l e f i n  and 
t h l o l s u l f i n i c  a c i d .  The fo rm a tio n  o f  o l e f i n  and ben zo ic  a c id  from 
th e  d eco m p o s it io n  o f  t - b u t y l  t h i o l s u l f l n a t e  In  th e  p re se n c e  of ben ­
z o ic  a n h y d r id e  p a r a l l e l s  th e  t r a n s f o r m a t io n  o f  an h y d r id e  and t h l o l -  
s u l f i n a t e  to  a c id  and o l e f i n  in  th e  BPO-TSST system . M oreover, 
p o l y s u l f l d e s  a r e  formed in  th e  BPO-TSST system  as  w e l l  a s  In th e  d e ­
c o m p o s it io n  o f t - b u t y l  t h i o l s u l f l n a t e .
We have s tu d ie d  th e  p ro d u c ts  and I n te rm e d ia te s  formed In  th e  
r e a c t i o n  o f  BPO w ith  TSST i n  d e t a i l  a s  a f u n c t io n  o f  tim e and concen­
t r a t i o n  o f  th e  r e a c t a n t s .  The r e s u l t s  o f  th e s e  s tu d i e s  a r e  shown in  
F ig s .  h - 6 ,  and T a b le s  XV11I-XX. A ls o ,  p ro d u c t  s tu d i e s  have been  c a r ­
r i e d  ou t u s in g  t -a m y l  d i s u l f i d e  (ASSA). We a n t i c i p a t e d  t h a t  i t  would 
be e a s i e r  to  a n a ly z e  f o r  o l e f i n  in  th e  ASSA-BPO system  s in c e  th e  
p e n te n e s  formed a r e  l i q u i d s  a t  room te m p e r a tu re ,  w hereas I s o b u ty le n e  
which i s  formed in  th e  TSST-BPO system  i s  a  g a s .  Both d i s u l f i d e s  have 
t h e  same r a te - e n h a n c in g  e f f e c t  on th e  d eco m p o sit io n  o f  BPO and we a s ­
sumed t h a t  t h e  e a se  o f  fo rm a t io n  o f  o l e f i n  In  b o th  c a s e s  would be th e  
same. The s to ic h io m e t r y  o f  th e  r e a c t i o n  t h a t  we have p roposed  p r e ­
d i c t s  t h a t  th e  fo rm a t io n  o f  b en zo ic  a c id  would be accompanied by an 
eq u lm o la r  amount o f  o l e f i n .  However, th e  somewhat low y i e l d  o f  o l e f i n  
from th e  r e a c t i o n  o f  BPO w ith  ASSA ( s e e  T a b le s  XXI-XXIII,  and F ig s .  7- 
9 ) caused  some c o n c e rn ,  and th e  s t u d i e s  were re p e a te d  u s in g  TSST. We
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have found t h a t  t h e  y i e l d  o f  o l e f i n  i s  h i g h e r  in  t h e  TSST-BPO sys tem ,  
but  I t  Is s t i l l  no t  q u i t e  as h igh  as t h e  y i e l d  of a c i d  would p r e d i c t .
One e x p l a n a t i o n  f o r  t h e  h i g h e r  y i e l d  of  I s o b u ty l e n e  In  the
TSST-BPO system compared t o  t h e  C5HiQ o l e f i n s  formed in  t h e  ASSA-BPO 
system I s  p o s s i b l e  s i d e  r e a c t i o n s  o f  t h e  two d i s u l f i d e s  i n  q u e s t i o n .
A lower y i e l d  o f  o l e f i n  in  t h e  ASSA-BPO sys tem  cou ld  be e x p la in e d  by
the  fo rm a t io n  o f  t h e  c y c l i c  p ro d u c t  (XV) which i s  known to  undergo
r a p i d  p o l y m e r i z a t i o n , 27 and I t s  i s o l a t i o n  in  t h i s  system would be im­
p r o b a b le .
CH3
XV
The fo rm a t io n  o f  t h e  an a lo g o u s  compound w i th  TSST would be l e s s  p rob ­




P o s s i b l e  s i d e  r e a c t i o n s  in v o lv in g  a d d i t i o n  t o  t h e  doub le  bond 
could  e x p l a i n  t h e  low y i e l d  o f  o l e f i n  In  b o th  c a s e s .  I t  has  been 
p o in t e d  o u t  e a r l i e r  t h a t  i f  BPO i s  a l low ed  t o  decompose in  CC14 i n  t h e  
p re se n c e  o f  2 - m e t h y l - l - b u t e n e  , t h e  o l e f i n  i s  d e s t r o y e d ,  p ro b a b ly  in  
the  mechanism shown In  eq s .  3-9•
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The a d d i t i o n  o f  TSST has  been  shown t o  l i m i t  t h e  number o f  
r a d i c a l s  formed I n  t h e  d e c o m p o s i t i o n  o f  BPO ( s e e  T a b le s  V I I I  and X I I ) .  
We have o b se rv e d  t h a t  t h e  l a r g e r  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  TSST, 
t h e  few er  r a d i c a l s  a r e  formed.  F u r th e r m o r e ,  we have shown t h a t  t h e  
y i e l d  o f  o l e f i n  i n c r e a s e s  w i t h  t h e  c o n c e n t r a t i o n  o f  TSST. S in c e  t h e  
p roposed  mechanism f o r  a d d i t i o n  t o  t h e  d o u b le  bond I n v o lv e s  a c h a i n  
p r o p a g a t i n g  s t e p ,  a s m a l l  p e r c e n t a g e  o f  r a d i c a l  r e a c t i o n  c o u ld  cause  
a s i g n i f i c a n t  amount o f  a d d i t i o n  t o  o l e f i n .  T ab le  XI shows t h a t  even 
i n  th e  p r e s e n c e  o f  TSST some o l e f i n  i s  d e s t r o y e d .  These d a t a  o f f e r  a 
good q u a l i t a t i v e  e x p l a n a t i o n  f o r  t h e  low y i e l d  o f  o l e f i n .
D. COMPARISON OF MECHANISMS
I t  i s  o f  i n t e r e s t  t o  compare ou r  r e s u l t s  and mechanism con­
c e r n i n g  th e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  t o  t h o s e  o f  H o r n e r 1 on th e  
r e a c t i o n  o f  BPO w i t h  s u l f i d e s .  Even though  we have  s t u d i e d  t h e  r e a c ­
t i o n  u nde r  s l i g h t l y  d i f f e r e n t  c o n d i t i o n s  t h a n  H o m e r ,  some g e n e r a l i ­
z a t i o n s  can  be made. H o m e r  s t u d i e d  t h e  r e a c t i o n  i n  CHC13 a t  room 
t e m p e r a t u r e  o r  lo w e r ,  w h i l e  we s t u d i e d  t h e  r e a c t i o n  i n  CC14 a t  h i g h e r  
t e m p e r a t u r e s .  We b o t h  have  found t h a t  t h e  r e a c t i o n  i s  f i r s t  o r d e r  In 
s u l f i d e  and f i r s t  o r d e r  I n  BPO. The same o r d e r  o f  r e a c t i v i t y  h a s  been  
o b s e rv e d  f o r  s u l f i d e s  w h e th e r  t h e  r e a c t i o n  was c a r r i e d  o u t  i n  CHC13 
a t  room t e m p e r a t u r e  o r  In  CC14 a t  h i g h e r  t e m p e r a t u r e s .  F u r th e r m o r e ,  
o u r  p r o d u c t  s t u d i e s  a g r e e  w i t h  t h e  p r o d u c t  s t u d i e s  which H orner  has  
r e p o r t e d .  However, t h ro u g h  u se  o f  GC and s p e c t r o s c o p i c  s t u d i e s ,  as  
w e l l  as  c h e m ic a l  m e th o d s ,  we have  been  a b l e  t o  c a r r y  o u t  a  more de­
t a i l e d  p r o d u c t  i n v e s t i g a t i o n .
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H orne r  h a s  o b s e r v e d  t h e  p r e s e n c e  o f  s u l f o x i d e s ,  or -benzoyloxy 
s u b s t i t u t i o n  p r o d u c t s ,  b e n z o ic  a n h y d r i d e ,  and  b e n z o i c  a c i d .  We have  
found a l l  o f  t h e s e  p r o d u c t s  and a l s o  p o l y s u l f i d e s  and  o l e f i n s .  We 
have  s t u d i e d  t h e  f o r m a t i o n  and d e s t r u c t i o n  o f  a l l  o f  t h e s e  p r o d u c t s  
o v e r  a p e r i o d  o f  s e v e r a l  days  r e a c t i o n  t i m e .  The c o n c e n t r a t i o n  of  
b e n z o ic  a c i d  and  b e n z o ic  a n h y d r i d e  hav e  b e e n  f o l l o w e d  by 1R, and a l l  
o t h e r  p r o d u c t s  have  b e e n  s t u d i e d  by  GC. Our r e a c t i o n s  n o r m a l l y  have  
been c a r r i e d  o u t  i n  s e a l e d  anpoules I n  a  c o n s t a n t  t e m p e r a t u r e  b a t h .  At 
a p r e d e t e r m i n e d  t im e  t h e  aipouLes w ere  t h e r m a l l y  q u enched  a t  - 7 8 ° .  The 
s a m p le s  were  k e p t  In  t h e  f r e e z e r  u n t i l  t h e  aipouLes were  opened  f o r  
s am ple  a n a l y s i s .  The B P O - s u l f l d e  s y s t e m  I s  v e r y  co m p lex ,  and t h e r e  
a r e  numerous s i d e  r e a c t i o n s  t h a t  c a n  t a k e  p l a c e .  We f e e l  t h a t  b e c a u s e  
o f  t h e s e  c o m p l i c a t i o n s  q u a n t i t a t i v e  d e t e r m i n a t i o n s  c a r r i e d  o u t  by 
p h y s i c a l  m e thods  a r e  more r e l i a b l e  t h a n  c h e m i c a l  m e th o d s  o f  d e t e r ­
m in in g  p r o d u c t s .  H o rn e r  h a s  u s e d  a  v e r y  com plex  and I n g e n i o u s  method 
o f  d e t e r m i n i n g  s u l f o x i d e .  He f i r s t  d e t e r m i n e s  BPO by t i t r a t i n g  i t ,  
u s i n g  a method w hich  I s  i n s e n s i t i v e  t o  s u l f o x i d e .  He t h e n  u s e s  a 
method which  c a n  r e d u c e  b o th  BPO and s u l f o x i d e .  The d i f f e r e n c e  i n  
t h e  amount o f  r e d u c i b l e  m a t e r i a l  u s i n g  t h e  two t e c h n i q u e s  d e t e r m i n e s  
t h e  amount o f  s u l f o x i d e .  However ,  t h e r e  i s  no way t o  be  s u r e  t h a t  
t h e r e  a r e  n o t  o t h e r  s p e c i e s  I n  t h e  r e a c t i o n  m i x t u r e  w hich  a r e  s u b j e c t  
t o  r e d u c t i o n  by H o r n e r ' s  m e thod .
Our r e s u l t s  i n d i c a t e  t h a t  t h e  c o n c e n t r a t i o n  o f  b e n z o i c  
a n h y d r i d e  and s u l f o x i d e  ( o r  t h i o l s u l f l n a t e  i n  t h e  c a s e  o f  d i s u l f i d e s )  
r e a c h e s  a  maximum c o n c e n t r a t i o n  e a r l y  In  t h e  c o u r s e  o f  t h e  r e a c t i o n .  
Then ,  I f  0 - h y d r o g e n s  a r e  a v a i l a b l e ,  t h e  s u l f o x i d e  o r  t h i o l s u l f l n a t e
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can  undergo a "Cope-type" rea rran g em en t to  g iv e  o l e f i n  and RSOH or 
2SS0H. The s u l f e n ic  a c id  can In tu rn  r e a c t  v l t h  th e  anhydride to  
produce b en x o ic  a c id .  The a u lfo x id e  or t h lo l s u l f i n a t e  can a ls o  r e a c t  
w ith  b en zo ic  a n h y d r id e , presum ably through th e  sane in te r m e d ia te  by 
w hich th ey  are formed t o  g iv e  b en zo ic  a c id  and th e  Of-s u b s t i t u t io n  
p ro d u ct. The r e a c t io n  o f  DMSO w ith  s u b s t itu te d  b en zo ic  anhydrides  
I n d ic a te s  th a t  a n u c le o p h i i lc  a t ta c k  by th e  s u lfo x id e  oxygen on th e  
carb on yl carbon o f  th e  anhydride i s  In vo lved  in  th e  r a te -d e te rm in in g  
s t e p .  As in d ic a te d  in  Schene 1 1 , th e  I n i t i a l l y  formed y l ld e  can r e ­
arrange to  form th e  s u b s t i t u t io n  p ro d u ct.
U n fo r tu n a te ly , B erner does n o t d is c u s s  th e  amount o f  b en zo ic  
anhydride formed in  d e t a i l .  Be d oes n o t m ention h avin g  s tu d ie d  I t s  
c o n c e n tr a tio n  as a fu n c tio n  o f  r e a c t io n  t im e . Furtherm ore, i t  i s  p os­
s i b l e  th a t  some b en zo ic  anhydride co u ld  have been co n v erted  to  a c id  in  
h i s  workup p roced u re . H orn er's graphs in d ic a te  th a t  he fo llo w e d  th e  
p rod u cts  o v er  a p er io d  o f  no more than e ig h t  hours a t  a tem perature  
o f  20°  or l e s s ;  how ever, we norm ally  fo llo w e d  th e  r e a c t io n  products  
a t  80° fo r  about th re e  days ( s e e  F ig s .  2 -9 ) •  We have ob served  th a t  
b en zo ic  anhydride rea ch es  a maximum e a r ly  in  th e  co u rse  o f  the r e a c t io n .  
Then, v ia  r e a c t io n  w ith  th e  d eco m p o sitio n  product o f  s u lf o x id e  (RSOH) , 
b en zo ic  anhydride i s  co n v erted  to  b en zo ic  a c id .
Horner has p o s tu la te d  th a t  th e  r e a c t io n  betw een s u l f id e s  and 
BPO can be v i s u a l i s e d  a s  th e  i n i t i a l  "coming to g e th er"  o f  th e  two 
s p e c ie s  a s  shown in  eq . 32 . I n t e r e s t in g ly ,  Horner o f f e r s  no ex p la n a ­
t io n  fo r  th e  a t t r a c t iv e  fo r c e s  b o ld in g  th e  s u l f id e  and BPO to g e th e r .
He then  p o s tu la te s  th a t  t h i s  "complex" can r e a c t  by c o m p e tit iv e  p o la r
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or r a d ic a l p a th s . Ttaa p o la r  p ath  goas through an in ter m ed ia te  s im ila r
to  th e  ana th a t  wa have p o s tu la te d  ( i ) .  H om er than shows t h i s  com plex
%
g iv in g  s u lfo x id e  ( s e e  Scheme IV) ,  two m olacu las o f  b en zo ic  a c id ,  and 
ta k in g  up one m o lecu le  o f  w ater from an u n exp la in ed  so u r c e . The I n i ­
t i a l  com plex can a l s o  produce th e  o r -su b s t itu t io n  product and b en zo ic  
a c id  v ia  a r a d ic a l  ro u te  ( s e e  Scheme IV) .  Horner I s  somewhat vagu e, 
but he p o s tu la te s  th a t  th e  m ost l i k e l y  mechanism fo r  th e form ation  o f  
th e e r -su b s t itu t io n  product In v o lv e s  a c y c l i c  t r a n s i t io n  s t a t e  (XVII) .
Ph-C-O-O-C-Ph + R '-S -C fl£ -I  -♦
O O 
Ph-C-O-O-C-Ph 
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Such a t r a n s i t io n  s t a t e  I s  a n o v e l s u g g e s t io n . The en trop y  requ irem ents  
fo r  th e  form ation  o f  XVII shou ld  be ex trem ely  la r g e  and h ig h ly  Im probable 
s in c e  t h is  i s  tantam ount t o  th e  s im u lta n eo u s form ation  o f  fu sed  r in g s .
The main d iscrep a n cy  betw een l o n e r ' s  mechanism and ou rs in ­
v o lv e s  th e  form ation  o f  th e  m -s u b s t ltu t lo n  p ro d u ct. The c y c l i c  t r a n s i ­
t io n  product (X V Il) th a t  Horner h as p o s tu la te d  i s  q u ite  n o v e l,  and
SCHEME IV*
a .  Th is
A ©
HC-Y: + X:X -* [HC-Y:X:X] -* [HC-Y • (X*) {X:
I B
©  c l[(HC-YjXJx P I  [ *C-Y: (X-)(HX)]
, +*20 . HX
1 ^2HX 4 *“
HC-Y-0 HC-Y:
i s  an e x a c t  d u p l i c a t i o n  o f  t h e  Scheme p u b l i s h e d  by H o r n e r . 1
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p r o b a b ly  u n n e c e s s a r y .  Our d a t a  I n d i c a t e  t h a t  a  more r e a l i s t i c  r o u t e  
t o  t h e  o r - s u b s t i t u t i o n  p r o d u c t  I n v o lv e s  t h e  i n i t i a l  f o r m a t i o n  o f  t h e  
y l l d e  ( e q .  2 U) f o l lo w e d  by an i n t r a m o l e c u l a r  r e a r r a n g e m e n t  ( e q .  2 5 ) .
A v e r y  good p r e c e d e n t  f o r  t h i s  ty p e  o f  r e a r r a n g e m e n t  can  be s e e n  In  t h e  
r e a c t i o n  o f  p h en y l  I s o c y a n a t e ,  b e n z o ic  a c i d ,  and DMSO ( s e e  Scheme I I I ) .  
F u r th e r m o r e ,  t h e  u n f a v o r a b l e  e n t r o p y  r e q u i r e m e n t s  n e c e s s a r y  f o r  a 
c y c l i c  t r a n s i t i o n  s t a t e  a r e  no t  p r e s e n t .  The s t r o n g e s t  e v i d e n c e  f o r
our  mechanism,  how ever ,  I s  t h a t  DMSO can  r e a c t  w i t h  b e n z o ic  a n h y d r id e
to  form t h e  o r - s u b s t i t u t i o n  p r o d u c t .  A p p a r e n t l y ,  t h i s  r e a c t i o n  goes  
th ro u g h  t h e  same t r a n s i t i o n  s t a t e  t h a t  I s  in v o lv e d  In  t h e  r e a c t i o n  o f  
BPO w i t h  s u l f i d e s  and d i s u l f i d e s .
A n o th e r  Im p o r ta n t  d i f f e r e n c e  be tw een  o u r  mechanism and 
H o r n e r ' s  I s  t h a t  we p r o p o s e  t h a t  t h e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  
or  d i s u l f i d e s  goes  e n t i r e l y  th ro u g h  t h e  i o n i c  i n t e r m e d i a t e  complex 1. 
Horner  Is  somewhat vague as  t o  t h e  e x a c t  n a t u r e  o f  t h e  r e a c t i o n ;  
however ,  c o m p e t i t i o n  be tw een  a  r a d i c a l  and i o n i c  r e a c t i o n  I s  sug­
g e s t e d .  We have p r e s e n t e d  s t r o n g  a rgum en ts  t o  show t h a t  t h e  r e a c t i o n  
of  BPO w i th  s u l f i d e s  and d i s u l f i d e s  I s  n o t  r a d i c a l  In  n a t u r e .  Because 
of  t h e  c o m p le x i ty  o f  t h e  s y s te m ,  I t  i s  p o s s i b l e  t h a t  some r a d i c a l s  
m ight  be p roduced  by s u b s e q u e n t  r e a c t i o n s .  However,  I f  such  r a d i c a l  
r e a c t i o n s  do o c c u r ,  t h ey  a p p a r e n t l y  have  no e f f e c t  on t h e  I n i t i a l  r e ­
a c t i o n  o f  BPO w i t h  t h e  s u l f i d e .
E. OTHER RELATED STUDIES:
We have  d i s c u s s e d  o u r  p ro p o se d  mechanism and have  compared
and c o n t r a s t e d  i t  w i t h  th e  work done by H o r n e r . 1 The re  a r e  s e v e r a l
8?
s u b j e c t s  t r e a t e d  In  t h e  l i t e r a t u r e  which add p l a u s i b i l i t y  t o  o u r  
a r g u m e n t s .
The f i r s t  o f  t h e s e  s u b j e c t s ,  t h e  r e a c t i o n  o f  BPO w i th  t e r ­
t i a r y  a m in e s ,  h a s  been  d i s c u s s e d  b r i e f l y  e a r l i e r  i n  t h i s  D i s s e r t a t i o n .  
Because o f  I t s  s i m i l a r i t y  t o  t h e  r e a c t i o n  o f  BPO w i th  s u l f i d e s  and d i ­
s u l f i d e s ,  a more d e t a i l e d  d i s c u s s i o n  o f  t h i s  r e a c t i o n  i s  In  o r d e r .
K i n e t i c  s t u d i e s  I n d i c a t e  t h a t  t h e  r e a c t i o n  o f  BPO and t e r ­
t i a r y  amines  I s  f i r s t  o r d e r  i n  amine and f i r s t  o r d e r  In BPO. 5 ’ 6 
W a l l i n g 3 has  found t h a t  t h e  r a t e  c o n s t a n t  I n c r e a s e s  w i t h  i n c r e a s i n g  
s o l v e n t  p o l a r i t y  i n d i c a t i n g  t h a t  t h e  r e a c t i o n  I s  I o n i c  i n  n a t u r e .  
However, p r o d u c t  s t u d i e s  *>7 and i n i t i a t o r  e f f i c i e n c y  s t u d i e s 5 i n d i ­
c a t e  t h a t  r a d i c a l s  a r e  formed In  th e  r e a c t i o n  and t h a t  t h e  p o ly m e r i ­
z a t i o n  o f  s t y r e n e  can  be a c h i e v e d  even  though  t h e  e f f i c i e n c y  I s  q u i t e  
low. I t  was p ro p o sed  t h a t  t h e  r a t e  d e t e r m i n i n g  s t e p  i n v o lv e d  t h e  
f o r m a t i o n  o f  a complex (XVIII )  which c o u ld  decompose by two mechanisms,  
one t h a t  p ro d u c es  r a d i c a l s  (Scheme V, eq .  5 5 ) .  ancl one t h a t  does  n o t  
(Scheme V, e q .  5 6 ) .  However, Graham and M es ro b la n 20 have  found t h a t ,
In  t h e  a b se n c e  o f  oxygen and a t  low t e m p e r a t u r e s ,  fo rm aldehyde  I s
formed o n ly  In  sm a l l  q u a n t i t i e s .  They p ro p o se  t h e  f o l l o w i n g  mechanism 
+ t Iwhere A, T ,  T* , T r e p r e s e n t  d i m e t h y l a n i l i n e , t e t r a m e t h y l b e n z l d l n e , 
and I t s  " sem lq u ln o n e "  and " q u l n o n e " , r e s p e c t i v e l y .  T h is  mechanism 
cou ld  a c c o u n t  f o r  t h e  v e ry  low e f f i c i e n c i e s  o b s e rv e d  I n  t h e  amine­
p e r  o x id e  sy s tem .
A +  BPO -  A+ +  BzO-  +  BzO (5?)































-» T + 2H (59)
T + BPO -  T+ + BzO* + BzO ( *0 )
2T• + -• BzO + BzO ( 1*1 )
T+ + BPO -* + BzO + BzO ( 1*2 )
A lth o u g h  t h e  p r e c i s e  f a t e  o f  XVIII rem ains  c l o u d y ,  t h e r e  Is  s u b ­
s t a n t i a l  e v i d e n c e  I n d i c a t i n g  I t s  f o r m a t i o n .  In  a r e c e n t  r e v ie w  a r t l c l e 3c 
O ' D r i s c o l l  f a v o r s  t h e  mechanism shown i n  Scheme V o m i t t i n g  eq .  J6 .
Th is  c an  be s im p ly  e x p r e s s e d  as
P ro b a b ly  t h e r e  1b a r e v e r s i b l e  f o r m a t i o n  o f  I  f o l lo w e d  by i t s  decompo­
s i t i o n  t o  p roduce  one r e l a t i v e l y  s t a b l e  f r e e  r a d i c a l  and one c a p a b l e  
o f  i n i t i a t i n g  p o l y m e r i z a t i o n . 25 A p p a r e n t l y ,  o n ly  t h e  benzoy loxy  
r a d i c a l  i s  a b l e  t o  i n i t i a t e  p o l y m e r i z a t i o n  s i n c e  n i t r o g e n  i s  n o t  found 
in  t h e  po ly m er .  The o v e r a l l  r a t e  c o n s t a n t  f o r  d e c o m p o s i t i o n  o f  BPO i s  
g iv e n  by
have been s t u d i e d  a s  a f u n c t i o n  o f  s u b s t i t u e n t  e f f e c t s  f o r  a  v a r i e t y  
o f  r i n g - s u b s t i t u t e d  d l m e t h y l a n l l l n e s  and s y m n e t r l c a l l y - s u b s t i t u t e d  
b enzoy l  p e r o x i d e s .  The e q u i l i b r i u m  c o n s t a n t  h a s  been s t u d i e d  s p e c t r o -  
p h o t o m e t r i c a l l y , 25 and t h e  r a t e  c o n s t a n t s  have  been  o b t a i n e d  i n  s t y r e n e  
p o l y m e r i z a t i o n  s t u d i e s . 29 Both t h e  e q u i l i b r i u m  c o n s t a n t  and t h e  r a t e  
c o n s t a n t  g iv e  l i n e a r  Hamnett p l o t s  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n s
A + B £  XVIII  -  R (^3)
(Uk)
Both t h e  r a t e  c o n s t a n t 2 5 c *29 and t h e  e q u i l i b r i u m  c o n s t a n t 29
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1 . 6 ( 2 a x ) - 2 . 7 ( o y ) (^5)
-  O .85(2ox ) - 1 .52  (ay ) (i*6)
where X r e f e r s  to  t h e  p e r o x id e  s u b s t i t u e n t  and Y t o  t h e  amine s u b s t i ­
t u e n t .  These v a lu e s  a re  c o n s i s t e n t  w i t h  the  mechanism p roposed  above 
w i th  e l e c t r o n - r e l e a s i n g  g roups  In the  amine and e l e c t r o n - w i t h d r a w i n g  
groups i n  t h e  p e ro x id e  a c c e l e r a t i n g  th e  r e a c t i o n .
o x i d a t i o n  o f  s u l f i d e s  by m o n o s u b s t i t u t e d  p e ro x id e s  o f  t h e  form 
(X00H).2 >3°  This  system h a s  been s t u d i e d  i n  d e t a i l  and has  r e c e n t l y  
been reviewed by Edw ards .p These r e a c t i o n s  a r e  s i m i l a r  t o  th e  BPO- 
amlne system in  t h a t  they b o th  Invo lve  n u c l e o p h l l l c  a t t a c k  on p e r o x l d l c  
oxygen.  The s to i c h i o m e t r y  o f  s u l f i d e  o x i d a t i o n  by XOOH Is
There  I s  no a p p a re n t  c o r r e l a t i o n  be tween the  r a t e  c o n s t a n t  and th e  
p o l a r i t y  o f  th e  s o l v e n t ;  r a t h e r ,  t h e  r a t e  p a r a l l e l s  the  s o lv e n t  a c i d i t y .  
The I n d i c a t i o n  I s  t h a t  a mechanism in v o lv in g  c h a rg e  s e p a r a t i o n  In  th e  
t r a n s i t i o n  s t a t e  i s  u n l i k e l y  and t h a t  th e  t r a n s i t i o n  s t a t e  p robab ly  
In v o lv e s  a  p r o to n  t r a n s f e r .  Two mechanisms a p p a r e n t l y  a r e  o p e r a t i v e  
depending  on t h e  r e a c t i o n  c o n d i t i o n s ,  b o th  o f  which avo id  cha rge  
s e p a r a t i o n  in  th e  t r a n s i t i o n  s t a t e .  The f i r s t  i n v o lv e s  n u c l e o p h l l l c  
a t t a c k  by the  s u l f i d e  on t h e  I n t r a m o l e c u l a r  hydrogen-bonded p e ro x id e  
as  shown In  t h e  t r a n s i t i o n  s t a t e  (XIX) and a hydrogen t r a n s f e r  from
Another  system which has  b e a r i n g  on t h i s  work i n v o lv e s  th e
XOOH +  SRp -* XOH + OSRp (*»7)
-  > S - 0  +
XIX
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the p e ro x ld lc  oxygen to  the  carbony l  oxygen. This  mechanism i s  expected  
when X i s  an acy l  o r  r e l a t e d  group i f  the  s o lv e n t  does not p r o h i b i t  the  
c h e l a t e d  form of  t h e  peroxy a c i d .  The p r e d i c t e d  second o rd e r  r a t e  i s  
found to  be f i r s t  o rd e r  In p e ro x id e  and f i r s t  o r d e r  in  s u l f i d e .
vo lves  an e x t e r n a l  p r o t i c  s p e c ie s  which a l lows  hydrogen t r a n s f e r  
through a t r a n s i t i o n  s t a t e  of  type  XX.
This mechanism p r e d i c t s  t h a t  the  r a t e  c o n s ta n t  be f i r s t  o rd e r  in  s u l ­
f id e  and second o r d e r  In pe rox ide  In the absence of any o t h e r  p r o t i c  
s p e c i e s .  K in e t i c  s t u d i e s  fo r  the  o x i d a t i o n  of s u l f i d e s  by hydrogen 
perox ide  o r  t - b u t y l  hydroperox ide  in  a p r o t l c  s o lv e n t s  a re  s i m i l a r  and 
have been s tu d ie d  in  d e t a i l .  The o x i d a t i o n  of th io x an e  by hydrogen 
perox ide  in  d ioxane obeys the r a t e  law
In p r o t i c  s o lv e n t s  t h e  s o lv e n t  can a c t  as  a hydrogen donor ,  and th e  
r e a c t i o n  i s  second o rde r .






-  kfR^s)  (xooh) 2 ( 50)
When some w ater  o r  a l c o h o l  i s  added,  the  r a t e  law becomes
“ (ReS)(XOOH)[k(HOOX) + k'(ROH)] (51)
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The second o rd e r  r a t e  c o n s t a n t s  f o r  o x i d a t i o n  of  s u l f i d e s  
by peroxy a c id s  a re  l a r g e r  In  n o n -b a s ic  a p r o t i c  s o lv e n t s  than  in  
o x y g e n -c o n ta in in g  a p r o t i c  s o l v e n t s .  This  e f f e c t  a p p a r e n t ly  I s  due 
to  l n t e r m o l e c u l a r  hydrogen-bonding of the  peroxy a c id  to  the  so lv e n t  
which causes  an In c rea se  i n  the a c t i v a t i o n  energy  o f  the  r e a c t i o n . 3° c
I t  appears  t h a t  th e  t r a n s i t i o n  s t a t e  f o r  the  o x i d a t i o n  of  
s u l f i d e s  by m o n o -s u b s t i tu t e d  pe ro x id es  Invo lves  a hydrogen t r a n s f e r .  
This  type of  t r a n s i t i o n  s t a t e  o b v io u s ly  i s  no t  p o s s i b l e  when the  
pe rox ide  i s  BPO even though in  bo th  c a se s  th e  r e a c t i o n  p robab ly  in ­
vo lves  s u l f u r  a t t a c k  on a p e ro x id le  oxygen.
Perhaps  a  system more c l o s e l y  r e l a t e d  t o  ours  i s  th e  thermal  
decom pos i t ion  o f  o - s u b s t i t u t e d  t - b u t y l  p e r b e n z o a t e s . M ar t in31 has 
observed  tremendous r a t e  enhancements f o r  t - b u t y l  o -p h e n y l th io p e rb e n z -  







XXI-a, X -  H
r a t e  enhancement i s  due to  anch lmer lc  a c c e l e r a t i o n  through the  a c t i o n  
o f  the  o r th o  s u b s t i t u e n t  such t h a t  the  0 -0  bond c leav ag e  I s  accompanied 
by 0-S fo rm a t io n .  The t r a n s i t i o n  s t a t e  f o r  the s u l f u r  s u b s t i t u t e d  









E v id en ce  f o r  a  p o s i t i v e  c h a r g e  on s u l f u r  i s  r e f l e c t e d  In  a p v a l u e  o f  
- 1 . 3  I n  t h e  Hamnett p l o t  f o r  t h e  d e c o m p o s i t io n  o f  XXI. The n e g a t i v e  
o v a l u e  i n d i c a t e s  t h a t  a  p o s i t i v e  c h a rg e  i s  d ev e lo p ed  on s u l f u r  in  
t h e  t r a n s i t i o n  s t a t e .
P r o d u c t  s t u d i e s  as  w e l l  as  r a d i c a l  s c a v e n g e r  s t u d i e s  u s i n g  
g a i v l n o x y l  I n d i c a t e  t h a t  t h e  d e c o m p o s i t i o n  o f  t h e s e  p e r e s t e r s  i s  f r e e  
r a d i c a l  i n  n a t u r e .  However,  t h e  o p e r a t i o n  o f  a  s a l t  e f f e c t  and th e  
dependence  o f  t h e  r a t e  c o n s t a n t  on t h e  p o l a r i t y  o f  t h e  s o l v e n t  i n d i ­
c a t e  t h a t  p o l a r  c o n t r i b u t i o n s  p l a y  an  I m p o r t a n t  r o l e  i n  t h e  d e s c r i p ­
t i o n  o f  t h e  t r a n s i t i o n  s t a t e .  M a r t i n  c o n c lu d e s  t h a t  t h e  t r a n s i t i o n  
s t a t e  i s  b e s t  d e s c r i b e d  by s t r u c t u r e  XXIV w i t h  "much l e s s  c o n t r i b u t i o n s  
o f  u n d e te rm in e d  Im p o r tan ce  from XXIII and XXV".
M a r t i n ' s  o b s e r v a t i o n s  c o n c e r n i n g  an c h im e r lc  a s s i s t a n c e  a r e  
o f  p a r t i c u l a r  i n t e r e s t  i n  l i g h t  of  o u r  s t u d i e s  o f  t h e  d e c o m p o s i t i o n  o f  
t - b u t y l  p e r b e n z o a t e  I n  TSST. We hav e  found t h a t  PPO r e a c t s  l e s s  
r e a d i l y  w i t h  s u l f i d e s  and d i s u l f i d e s  t h a n  does  BPO. F u r th e r m o r e ,  we 
have found t h a t  t h e  r a t e  o f  d e c o m p o s i t i o n  o f  t - b u t y l  p e r b e n z o a t e  
u n d e rg o e s  no r a t e  enhancement  i n  t h e  p r e s e n c e  o f  TSST, even when TSST 
Is  u sed  as  t h e  s o l v e n t  ( s e e  T a b le  XV). T h is  o r d e r  o f  r e a c t i v i t y  can 
be r a t i o n a l i z e d  on t h e  b a s i s  o f  t h e  s t a b i l i t y  o f  th e  l e a v i n g  group 
p roduced  by n u c l e o p h l l l c  a t t a c k  on t h e  p e r o x i d e .  The b e n z o a te  a n io n
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i s  more s t a b l e  t h a n  th e  p r o p i o n a t e  a n i o n ;  t h e  t - b u t o x y 1 a n io n  I s  r e -  
l a t i v e t y  u n s t a b l e .
r e s u l t  o f  t h e  invo lvem ent  o f  t h e  non-bonded e l e c t r o n  on s u l f u r .  The 
l a c k  o f  r a t e  enhancement  o f  t - b u t y l  p e r b e n z o a t e  i n  th e  p r e s e n c e  o f  
TSST which we have  o b s e rv e d  i s  a p p a r e n t l y  due t o  two e f f e c t s .  F i r s t ,  
t h e  t - b u t o x y  a n io n  i s  a r e l a t i v e l y  poor  l e a v i n g  g ro u p ,  and th e  d r i v i n g  
f o r c e  f o r  a n u c i e o p h l l i c  a t t a c k  on t h e  p e r e s t e r  i s  n o t  as g r e a t  as  i n  
t h e  c a s e  o f  BPO. However , t h i s  e f f e c t  c a n n o t  e x p l a i n  t h e  r a t e  en ­
hancement M a r t in  has  o b s e rv e d  f o r  XXI and XXII.  A second  f a c e t  o f  
t h e  r e a c t i o n  must be c o n s i d e r e d .  A p p a r e n t l y ,  i t  i s  n e c e s s a r y  t o  have 
s u l f u r  f i x e d  In  a  f a v o r a b l e  p o s i t i o n  t o  o f f e r  a s s i s t a n c e  i n  t h e  decom­
p o s i t i o n  o f  t - b u t y l  p e r b e n z o a t e .  These c o n d i t i o n s  a r e  met i n  XXI and 
XXtl where s u l f u r  i s  lo c k e d  i n t o  a f a v o r a b l e  p o s i t i o n  t o  a t t a c k  th e  
p e r o x i d i c  0 -0  bond i n t r a m o l e c u l a r l y . I t  would seem t h a t  t h e  i n t e r ­
a c t i o n  of  non-bonded e l e c t r o n s  on s u l f u r  w i t h  t h e  0 - 0  p e r o x i d i c  bond 
f o r  t - b u t y l  p e r b e n z o a t e  c o u ld  o c c u r  when TSST Is  th e  s o l v e n t .  However,  
such  I s  n o t  t h e  c a s e .  A p p a r e n t l y ,  a c o m b in a t io n  o f  a p o o r  l e a v i n g  
group  ( t - b u t o x y  a n io n )  and t h e  e n t r o p y  r e q u i r e m e n t s  in v o lv e d  f o r  an 
i n t e r m o l e c u l a r  r e a c t i o n  combine t o  d i s a l l o w  t h e  r e a c t i o n  o f  t h e  
p e r e s t e r  w i th  TSST.
In  l i g h t  o f  t h e  p r e v i o u s  d i s c u s s i o n ,  an i n t e r e s t i n g  compound 
t o  s tu d y  would be t h e  a - s u b s t l t u t e d  t h l o a l k y l  d e r i v a t i v e  o f  BPO (XXVI).
The enhanced r a t e  o f  d e c o m p o s i t i o n  o f  XXI and XXII i s  a
XXVI
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T h is  compound o f f e r s  t h e  o p p o r t u n i t y  o f  b o t h  a  good l e a v i n g  group 
( t h e  b e n z o a te  a n io n )  and t h e  low e n t r o p y  r e q u i r e m e n t s  f o r  i n t r a ­
m o l e c u l a r  a t t a c k  o f  th e  non-bonded s u l f u r  e l e c t r o n s  on th e  0 - 0  p e r o x ­
i d i c  l i n k a g e .  I t  i s  p o s s i b l e  t h a t  a l a r g e r  e f f e c t  t h a n  M a r t in  o b s e rv e d  
f o r  XXX and XXII would be o b s e r v e d .  In  f a c t ,  XXVI m igh t  be so u n s t a b l e  
t h a t  I t  would n o t  be p o s s i b l e  t o  i s o l a t e  i t .
Sosnovsky32 has  found t h a t  t - b u t y l  p e r e s t e r s  r e a c t  w i th  
s u l f i d e s  i n  t h e  p r e s e n c e  o f  cu p ro u s  bromide  to  form t h e  o - a c y l o x y  
s u b s t i t u t i o n  p r o d u c t  i n  y i e l d s  up t o  69$.  In  t h e  a b se n c e  o f  cup rous  
bromide t h e  ex- s u b s t i t u t i o n  p r o d u c t  i s  formed more s lo w ly  and in  lower  
y i e l d  ( d e t a i l s  were no t  g i v e n ) .  A p p a r e n t l y ,  th e  g r e a t e r  r e a c t i v i t y  
o f  s u l f i d e s  and t h e  p r e s e n c e  o f  cu p ro u s  bromide  a c c o u n t  f o r  t h e  forma­
t i o n  o f  c r - s u b s t i t u t t o n  p r o d u c t s .
1.  Comparison o f  BPO and P r o p io n y l  P e r o x id e  (PPO):
I t  i s  o f  i n t e r e s t  t o  compare t h e  r a t e  o f  r e a c t i v i t y  o f  BPO
w i th  s u l f i d e s  t o  t h e  r a t e  of  r e a c t i v i t y  o f  PPO w i t h  s u l f i d e s .  Even
though PPO u n d e rg o e s  h o m o ly s i s  more r e a d i l y  t h a n  BPO ( a t  60° t h e  h a l f -
l i f e  o f  BPO i s  555 m l n , ; t h a t  o f  PPO, 57 m i n . ) ,  BPO r e a c t s  more r e a d i l y
w i th  s u l f i d e s  t h a n  does PPO. For exam ple ,  t h e  r a t e  o f  d e c o m p o s i t io n
£
o f  PPO i n  CC14 a t  60° i s  7 . 8  x 10- 5 , whereas  t h e  f i r s t  o r d e r  r a t e  
c o n s t a n t  i n  CCl4 a t  60° i n  t h e  p r e s e n c e  o f  0 . 1 8  M i s o - b u t y l  s u l f i d e  
i s  58 x 10"5 , (an  i n c r e a s e  o f  a f a c t o r  o f  7 ) -  The r a t e  o f  decom pos i­
t i o n  o f  BPO i n  CC14 a t  100° i n  t h e  p r e s e n c e  o f  0 . 2 3  M i s o - b u t y l
A l l  v a lu e s  o f  k a r e  g iv e n  i n  s e c - 1 .
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s u l f i d e  i s  2 . 3  x 10"2 (a n  i n c r e a s e  o f  a f a c t o r  o f  7 0 )• In  a d d i t i o n ,  
t h e  f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  t h e  r a t e  o f  d e c o m p o s i t io n  o f  PPO i n  
TSST a t  60° ( 3 .U x 1 0 " 4) i s  ab o u t  t h e  same a s  t h a t  of  BPO i n  TSST a t  
hl °  (U.O x 10" 4) .
The above d a t a  o f f e r  a d d i t i o n a l  e v i d e n c e  t h a t  t h e  r e a c t i o n  
o f  BPO and PPO w i th  s u l f i d e s  and d i s u l f i d e s  i s  i o n i c  i n  n a t u r e .  The 
e x p l a n a t i o n  f o r  t h e  g r e a t e r  r e a c t i v i t y  o f  BPO w i th  s u l f i d e s  and d i s u l ­
f i d e s  t h a n  t h e  a n a lo g o u s  r e a c t i o n  f o r  PPO i s  th e  g r e a t e r  s t a b i l i t y  o f  
th e  l e a v i n g  g roup  i n  t h e  f o r m a t i o n  o f  t h e  complex I ,  (PhCOg v e r s u s  
EtC02 ) .  In  a l l  p r o b a b i l i t y  t h e  f o r m a t i o n  o f  t h e  complex I i s  endo- 
th e rm lc  and t h e  t r a n s i t i o n  s t a t e  s h o u ld  look more l i k e  p r o d u c t s  t h a n  
r e a c t a n t s .  I f  t h e  r e a c t i o n  were r a d i c a l  i n  n a t u r e  t h e  o p p o s i t e  t r e n d  
m ight  be e x p e c t e d  s i n c e  PPO u n d e rg o es  h o m o ly t l c  c l e a v a g e  more r e a d i l y  
th a n  BPO.
IV. EXPERIMENTAL
A. MATERIALS
Benzoyl  p e r o x i d e :  T h is  m a t e r i a l  was p u r c h a s e d  from Matheson
Coleman and B e l l  and was r e c r y s t a l l i z e d  s e v e r a l  t im es  from CC14- 
m e th y l  a l c o h o l .
t - B u t y l  p e r b e n z o a t e :  T h is  m a t e r i a l  was p u r c h a s e d  from
L u c ld o l  {9 8 ^  p u re )  and was used  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
L au ro y l  p e r o x i d e :  T h is  m a t e r i a l  was p u rc h a se d  from L u c ld o l
and was r e c r y s t a l l i z e d  s e v e r a l  t im e s  from CCl4- m e th y l  a l c o h o l .
P r o p lo n y l  p e r o x i d e :  T h i s  m a t e r i a l  was p r e p a r e d  by t h e  method
d e s c r i b e d  by Rembaum and S z w a rc ,33 and was p u r i f i e d  by vacuum d i s t i l ­
l a t i o n  a t  room t e m p e r a t u r e .
p - N i t r o p h e n y l a z o t r i p h e n y l m e t h a n e  (NAT): T h i s  m a t e r i a l  was
p r e p a r e d  by B. L e v a n th a l  i n  a method d e s c r i b e d  p r e v i o u s l y . 34
P h e n y l a z o t r ip h e n y lm e t h a n e  (PAT): T h i s  m a t e r i a l  was p u r c h a s e d  
from Eastman Chemical  Company and r e c r y s t a l l i z e d  from benzene -  
p e t r o le u m  e t h e r .
A z o l s o b u t y l n i t r l l e  (AIBN): T h i s  m a t e r i a l  was p u r c h a s e d  from
Eastman Chemical  Company and was r e c r y s t a l l i z e d  from CHCl4-m e th y l  a l c o h o l .
D i - t - b u ty lp e r o x y o c a l a t e  (DBPO): T h i s  compound was p r e p a r e d  by
th e  method o f  B a r t l e t t ,  B en z ln g ,  and P i n c o c k . 35 The compound was r e ­
c r y s t a l l i z e d  from p e n tan e  a t  - 7 8 ° .  S p e c i a l  c a r e  was t a k e n  n o t  t o  
s c r a p e  th e  d ry  c r y s t a l s  o f  t h i s  p e r e s t e r  s i n c e  I t  d e t o n a t e s  w i t h  l i t t l e  
p r o v o c a t i o n .
S ty re n e :  T h is  m a t e r i a l  was p u rc h a se d  from A ld r i c h  Chem ical
Company. I n h i b i t o r s  w ere removed by w ash ing  w i th  lO^ fr sodium  h y d r o x id e ,
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w a t e r ,  and d r i e d  o v e r  CaS04 . The s t y r e n e  was t h e n  d i s t i l l e d  t h r e e  
t im es  under  vacuum.
S u l f i d e s  and d i s u l f i d e s :  A l l  s u l f i d e s  and d i s u l f i d e s  were
purchased  from e i t h e r  Eastman Chemical Company o r  Columbia Organic 
Chemicals  Company, I n c . ,  and were d i s t i l l e d  b e f o r e  u s e .
S o lv e n t s :  S o lv e n t s  t h a t  were GC pure  were used  w i th o u t  f u r ­
t h e r  p u r i f i c a t i o n ;  th o se  c o n t a i n i n g  i m p u r i t i e s  were d i s t i l l e d .
Benzoic an h y d r id e :  The I s o l a t i o n  and i d e n t i f i c a t i o n  of
benzoic  an h y d r id e  as  an I n t e r m e d i a t e  In  t h e  r e a c t i o n  o f  BPO w i th  TSST 
were a c h ie v ed  in  the  f o l l o w in g  manner .  The r e a c t i o n  was m on i to red  by 
I R , and when th e  ab so rb an ce  o f  th e  peaks  a t  1755 cm-1  and 1790 cm"1 
reached  a maximum, th e  r e a c t i o n  was t h e r m a l l y  quenched.  S o lv e n t  and 
e x cess  TSST were s t r i p p e d  o f f  u nde r  vacuum, l e a v i n g  a very  v i s c o u s
o i l .  Th is  o i l  was s o lu b l e  in  CC14 , and upon t h e  a d d i t i o n  of  methyl  
a l c o h o l ,  w h i te  n e e d l e - l i k e  c r y s t a l s  were o b t a i n e d .  The m a t e r i a l  was 
r e c r y s t a l l i z e d  and gave a sh a rp  m e l t i n g  p o i n t  a t  U2°. The IR and NMR 
were i d e n t i c a l  t o  l i t e r a t u r e  v a l u e s  f o r  benzo ic  a n h y d r id e .
A n a l . C a lcd .  f o r  C 1 4 H i q 0 3 : C, 7^ -55 i  H, U.U6. Found: C,
7 * 4 . 2 6 ;  H ,  * . . 5 8 .
Benzoic a c i d :  The i s o l a t i o n  and I d e n t i f i c a t i o n  of  benzo ic
a c i d  as  th e  f i n a l  p ro d u c t  in  th e  r e a c t i o n  o f  BPO and TSST were a c h ie v e d  
in  th e  f o l l o w in g  manner.  The r e a c t i o n  was m on i to red  by IR and when the  
peak a t  1700 cm- 1  reached  a maximum (accompanied by th e  d i s a p p e a r a n c e  
o f  th e  peaks  a t  1755 1790 cm*1) t h e  r e a c t i o n  was t h e r m a l l y  quenched.
The CC14 and ex cess  TSST was s t r i p p e d  o f f ,  and t h e  rem a in in g  m a t e r i a l  
was c r y s t a l l i z e d  from CC14 . The m a t e r i a l  was r e c r y s t a l H z e H  and gave
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a s h a rp  m e l t i n g  p o i n t  a t  121-122°.  The IR and NMR were I d e n t i c a l  to  
th e  l i t e r a t u r e  v a lu e s  f o r  b en zo ic  a c i d .
t - B u t y l  t r l s u l f l d e :  The t r l s u l f l d e  i s  a s t a b l e  compound
and has  been  I s o l a t e d  and i d e n t i f i e d  from t h e  r e a c t i o n  o f  BPO and 
TSST. The t r l s u l f l d e  was i s o l a t e d  and p u r i f i e d  by u s in g  p r e p a r a t i v e  
GC on th e  c rude  r e a c t i o n  m ix tu r e .  A 6 - f t .  SE-3O colm, was used  w i th  
t h e  colm. t e m p e ra tu re  ■ 145° and t h e  i n l e t  and d e t e c t o r  t e m p e r a tu r e s  ■ 
2 0 3°. The NMR showed a s h a rp  s i n g l e t  a t  1 .26  ppm. The IR shows peaks 
a t  ( i n  m ic ro n s ) :  3.1*0 ( s ) , 6 .82  ( s h ) ,  6 .90 ( a h ) .  7 .2 2  (w ) , 7*37 ( s h ) ,
7 .6 3  (m ) , 8 .2 2  ( w ) , 8 .61  ( b ) ,  9 -0 0  ( w ) , 9 .8 2  (w). The t r i s u l f i d e  
m e l t s  s h a r p l y  a t  I 5- I 6 0 and b o i l s  a t  7 0 ° /2  mm. The mass spec showed 
a p a r e n t  peak a t  2 1 0 .
A n a l . C a lcd . f o r  C10Hi a Ss : C, 1*5 . 6 6 ; H, 8 .6 2 .  Found: C,
1+5.39; H, 8 .7 3 .
Benzoyloxy d im e th y l  s u l f i d e  (BOMS): BOMS has  been i s o l a t e d
and p u r i f i e d  from t h e  r e a c t i o n  o f  BPO and methy l  s u l f i d e  by u s in g  
p r e p a r a t i v e  GC. A 6 - f t .  SE-3 0  colm. was used  w i th  t h e  colm, tem pera­
t u r e  ■ 110° and th e  i n l e t  and d e t e c t o r  t e n p e r a t u r e  * 205° .  The NMR 
showed s h a rp  s i n g l e t s  a t  2 . 2  ppm ( 3 ) and 5*32 ppm (2)  and two broad  
peaks  in  t h e  a r o m a t ic  r e g i o n ,  one c e n t e r e d  a t  7-45  ( 3 ) and th e  o t h e r  
a t  8 .O5 ( 2 ) .  The IR showed peaks  a t  { in  m ic ro n s ) :  5-78 ( s ) ,  6 .21  ( s h ) ,
6 .2 9  ( s h ) ,  6 .7 0  ( s h ) ,  6 .8 8  (m), 7 .0 0  ( b ) ,  7.1*9 ( » h ) ,  7 .6 0  ( s h ) ,
7 .9 2  ( b ) , 8.1+6 ( s h ) ,  9 .1 5  ( b ) ,  9 . 3 2  ( s h ) ,  9 -72  ( s h ) ,  10.70 ( b ) ,
1 2 . 1+0 ( w ) , I 3 . 3O ( b ) ,  11*.03  ( b ) ,  1 4 . 5!* (w). The b . p .  was 83-84°  a t
0 . 2  nsn.
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A n a l . C a lcd ,  f o r  t^HjoOaS: C, 59-32;  H, 5*53* Found:
C, 59-^2;  H, 5-75
t - B u t y l  t h i o l s u l f i n a t e  (TSSOT): The t h i o l s u l f i n a t e  was p r e ­
pared  by the  method o f  Backer and K l o o a t e r z l e l -36  To a s o l u t i o n  of  
1+0‘jt p e r o x y a c e t l c  a c i d  ( 7 -6  g) In  c h lo ro fo rm ,  TSST (6 .0 5  g) In  the  same 
s o lv e n t  was added o ver  a p e r io d  of  50 minuteB a t  - 5  t o  - 1 0 ° .  The r e ­
a c t i o n  m ix tu re  was k ep t  a t  t h a t  t e m p e ra tu re  f o r  an a d d i t i o n a l  two h o u r s .  
The homogeneous r e a c t i o n  m ix tu re  was th en  washed e i g h t  timeB w i th  
sodium b i c a r b o n a t e  and s e v e r a l  t imes  w i th  d i s t i l l e d  w a te r .  The o rg a n ic  
l a y e r  was th en  d r i e d  over  MgS04 and t h e  ch lo ro fo rm  was removed u nde r  
reduced p r e s s u r e .  The t h i o l s u l f l n a t e  was d i s t i l l e d  a t  1+7- 1+8° / I  nm,
The NMR showed two sh a rp  s i n g l e t s  a t  I .30  and 1 .52  ppm w i th  a r e l a t i v e  
i n t e n s i t y  of one t o  one.  The IR showed peaks  a t  ( i n  m i c r o n s ) :  3.1+ ( s ) ,
6 . 8  ( s h ) ,  6 . 9  ( a ) ,  7 .2  (w),  7 .3 5  ( a ) ,  7 -7  (m),  8 . 2  ( w ) , 8 . 6  ( b ) ,  9 -0  ( w ) ,
9 -3  ( s ) ,  9 .8 5  (w) , 10 .7  ( w ) , 11 .2  (w),  12 . h ( w ) , 12.6  ( w ) . The mass
spec showed a p a r e n t  peak a t  19^ a t  low i o n i z a t i o n  v o l t a g e .
A n a l . Ca lcd .  f o r  C10HiaS£0; C, 6 9 .1+0; H, 9*3^.  Found: C,
^8 . 9 5 ; H, 9 .6 0 .
t - B u t y l  s u l f o x i d e :  The s u l f o x i d e  was p re p a re d  by t h e  o x id a ­
t i o n  o f  TST in  t h e  same manner d e s c r i b e d  p r e v i o u s l y  f o r  t h e  p r e p a r a t i o n  
o f  TSSOT. 36
B. PROCEDURE OF KINETIC RUNS
The d i s a p p e a ra n c e  o f  BPO has  been fo l low ed  by IR u s in g  th e
peak a t  1770 cm*1. A ls o ,  th e  c o n c e n t r a t i o n  o f  benzo ic  anhydr ide  and
benzoic  a c i d  have been m on i to red  by IR u s in g  t h e  peaks a t  1735 ant*
1790 cm-1  f o r  th e  an h y d r id e  and 1700 cra- i  f o r  benzoic  a c i d .  A l l  
o th e r  p ro d u c t s  were de te rm ined  by GC. The d eco m p o s i t io n  o f  BPO in  
the  p re sen ce  o f  ex ce s s  s u l f i d e  o r  d i s u l f i d e  i s  p s e u d o - u n i m o l e c u l a r .
The raw d a t a  were t r e a t e d  by a computer  program t o  o b t a i n  a l i n e a r  
l e a s t  s q u a re s  f i t  of  t h e  d a t a .  A d e t a i l e d  d i s c u s s i o n  o f  th e  d i f f e r e n t  
t e c h n iq u e s  employed in  d e te rm in in g  k i n e t i c  d a t a  can be found i n  t h e  
E xper im en ta l  S e c t i o n  o f  P a r t  11 of t h i s  D i s s e r t a t i o n .
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I .  INTRODUCTION
The mechanism by which f r e e  r a d i c a l  i n i t i a t o r s  decompose has  
been th e  s u b j e c t  o f  i n t e n s i v e  s t u d y . 1 Our I n t e r e s t  in  t h i s  a r e a  has  
c e n t e r e d  on th e  n a t u r e  o f  t h e  t r a n s i t i o n  s t a t e  f o r  h o m o l y s i s . There  
a r e  two p o s s i b i l i t i e s :  hom olys ls  may In v o lv e  t h e  c l e a v a g e  o f  o n ly  one
bond, o r  s e v e r a l  bonds may undergo s im u l tan e o u s  c l e a v a g e .  In  r e c e n t  
y e a r s ,  numerous w orkers  have used  r e l a t i v e l y  complex a p p r o a c h e s 1 to  
d i s t i n g u i s h  one-bond from m u l t i -b o n d  i n i t i a t o r s .  I t  has  been s u g g e s te d  
t h a t  the  e f f e c t  o f  s o lv e n t  v i s c o s i t y  on th e  o b se rv ed  r a t e  c o n s t a n t  f o r  
hom olys ls  can be used t o  d e te rm in e  t h e  number o f  bonds which b r e ak  a t  
the  t r a n s i t i o n  s t a t e .  i n >°>P
F i r s t , c o n s id e r  a one-bond i n i t i a t o r ;  t h e  g e n e r a l i z e d  
mechanism f o r  hom olys ls  o f  such an i n i t i a t o r  i s  shown in  Scheme 1,
SCHEME I
k knI n i t i a t o r  1 [ cag e ]   >  f r e e  r a d i c a l s
k -  1
[ c a g e ' ]  + sm a l l  m olecu le
where [ c a g e ]  r e p r e s e n t s  t h e  gem inate  p a i r  o f  r a d i c a l s  p roduced by th e  
s c i s s i o n  o f  one bond and [ c a g e ' ]  i s  t h e  p a i r  o f  r a d i c a l s  p roduced by 
some /3 - s c l s s l o n  p ro c e s s  such as  l o s s  o f  C02 o r  N2 from RC02 ’ o r  RN2 *.
In te rms o f  t h i s  mechanism, t h e  o b se rv e d  r a t e  c o n s t a n t  (kQ) i s  g iv en
102
where k 2 I s  Che r a t e  c o n s t a n t  f o r  bond h o m o l y s l s ,  k _ x I s  t h e  r a t e  co n ­
s t a n t  f o r  ca g e  r e t u r n ,  k^  I s  t h e  r a t e  c o n s t a n t  f o r  d i f f u s i v e  s e p a r a t i o n  
o f  t h e  g e m in a t e  r a d i c a l s ,  and k ^  I s  t h e  r a t e  c o n s t a n t  f o r  j S - s c i s s i o n .
The f r a c t i o n  o f  g e m in a t e  r a d i c a l s  which  combine t o  r e f o r m  t h e  i n i t i a t o r ,  
a s t e p  w h ich  we c a l l  I n t e r n a l  r e t u r n ,  I s  d e f i n e d  a s :
f r  * ( k . ,  + * ^  + kg > <2)
Now c o n s i d e r  a  m u l t i - b o n d  I n i t i a t o r ,  t h e  d e c o m p o s i t i o n  o f  
which  I n v o l v e s  t h e  s i m u l t a n e o u s  c l e a v a g e  o f  two o r  more bonds  and t h e  
s p l i t t i n g  o u t  o f  a s m a l l  m o l e c u l e  su c h  a s  C0e o r  N2 . In  t h i s  c a s e ,  
t h e  t h r e e  o r  more s p e c i e s  formed c a n n o t  combine t o  r e f o r m  t h e  i n i t i a t o r ,  
and t h e  o b s e r v e d  r a t e  c o n s t a n t  would be e x p e c t e d  t o  be In d e p e n d e n t  o f  
" c a g e  l i f e t i m e " ,  a n d ,  t h e r e f o r e ,  o f  t h e  s o l v e n t  v i s c o s i t y .  E q . (1 )  
shows t h a t  when k _ x * 0 ,  k 0 “  k 1( and t h e r e  i s  no I n t e r n a l  r e t u r n .
Our m e th o d ,  t h e r e f o r e ,  i s  t o  examine  t h e  v i s c o s i t y  dep en d en ce  
o f  t h e  o b s e r v e d  r a t e  c o n s t a n t  f o r  d e c o m p o s i t i o n  o f  an  i n i t i a t o r .  
Q u a l i t a t i v e l y ,  a  m u l t i - b o n d  I n i t i a t o r  decomposes  a t  a  r a t e  I n d e p e n d e n t  
o f  s o l v e n t  v i s c o s i t y  and ko ■ k 1( w h e r e a s ,  f o r  a  o n e -b o n d  i n i t i a t o r ,  
t h e  r a t e  d e c r e a s e s  w i t h  I n c r e a s i n g  s o l v e n t  v i s c o s i t y .
I n  a d d i t i o n ,  an  e q u a t i o n  h a s  b e en  d e r i v e d  w hich  a l l o w s  t h e  
q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  f ^  f o r  o n e -b o n d  i n i t i a t o r s .  The mechanism 
g i v e n  i n  Scheme I p r e d i c t s  t h e  f o l l o w i n g  r e l a t i o n s h i p  b e tw een  t h e  ob­
s e r v e d  r a t e  c o n s t a n t  and  t h e  v i s c o s i t y  o f  t h e  s o l v e n t  : l n »°
l / k 0 -  1 / k i  + [ k . i / A j j k J t V A ^ 0' ( 3 )
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The d e r i v a t i o n  o f  e q .  ( 5 ) 1 0  la  baaed  on th e  a ssu m p tio n  t h a t  I s  th e  
o n ly  r a t e  c o n s t a n t  In  Schesw I  which I s  v i s c o s i t y  s e n s i t i v e ;  t h a t  
k^  < k ^ ;  t h a t  kp ■ A ^ eap f-E ^ R T ) and T) -  Avexp(Ev /R T ) ; and t h a t  Ep •  
crEv where a  i s  a p r o p o r t i o n a l i t y  c o n s t a n t .  Eq. (5) p r e d i c t s  a l i n e a r  
r e l a t i o n s h i p  be tw een  l / k G and (T|/Av)a . A l i n e a r  c o r r e l a t i o n  f o r  a 
w ide v a r i e t y  o f  e x p e r im e n ta l  d a t a  I s  o b se rv ed  I f  or i s  s e t  e q u a l  to
0 . 5 .  However, t h i s  v a lu e  o f  a was ch osen  a r b i t r a r i l y ,  and P ry o r  and 
Morkved2  have more r e c e n t l y  used  a  te c h n iq u e  to  e x p e r im e n ta l ly  d e te r *  
mine th e  v a lu e  o f  or by m easu rin g  th e  d i f f u s i o n  c o e f f i c i e n t  o f  sm a ll  
m o le c u le s  in  a lk a n e  s o l v e n t s .  The a p p l i c a b i l i t y  o f  t h i s  te c h n iq u e  
w i l l  be d i s c u s s e d  i n  more d e t a i l  l a t e r  in  t h i s  D i s s e r t a t i o n .
The o r i g i n a l  c h o ic e  o f  a  s o lv e n t  system  t o  s tu d y  th e  e f f e c t  
o f  v i s c o s i t y  on th e  r a t e  o f  h om o lys ls  o f  i n i t i a t o r s  was b a sed  on 
s e v e r a l  c o n s i d e r a t i o n s .  F i r s t l y ,  I t  I s  ad v an tag eo u s  to  h av e  a  wide 
ran g e  o f  s o lv e n t  v i s c o s i t i e s ,  and s e c o n d ly ,  I t  i s  n e c e s s a ry  to  change 
o t h e r  p r o p e r t i e s  o f  th e  s o l v e n t ,  such a s  s o l v a t i n g  a b i l i t y ,  as l i t t l e  
a s  p o s s i b l e .  System s p r e v io u s ly  u se d  t o  va ry  th e  v i s c o s i t y  I n c lu d e  
th e  b e n z e n e - p o ly s ty r e n e  sy s te m . 3
However, P ry o r  and S m ith 10>r  have n o te d  t h a t  th e  r a t e  o f  
d e co m p o s it io n  o f  p - n l t r o p h e n y la z o t r lp h e n y lm e th a n e  (NAT), a one-bond 
i n i t i a t o r ,  I s  th e  same In  benzene and b e n c e n e - p o ly s ty r e n e . The I n d i ­
c a t i o n  i s  t h a t  w h i le  t h e r e  i s  a  m ac ro sco p ic  change in  v i s c o s i t y ,  th e  
change on th e  m ic ro sc o p ic  l e v e l  i s  n o t  s u f f i c i e n t  t o  a l t e r  th e  r a t e  
o f  d i f f u s i o n  o f  s p e c i e s  from  a  s o lv e n t  c a g e .  P ry o r  and S m ith 111 
chose  a s e r i e s  o f  n - a lk a n e s  a s  a  s o lv e n t  sy s tem  to  m inim ize s o lv e n t  
e f f e c t s .
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The r a t e  d a t a  o f  s e l e c t e d  I n i t i a t o r s  have b ee n  t r e a t e d  by 
eq .  ( 5 ) ,  and b o th  q u a l i t a t i v e  and q u a n t i t a t i v e  p r e d i c t i o n s  c o n c e r n i n g  
th e  mode o f  h o m o ly s l s  o f  t h e s e  i n i t i a t o r s  have been  made. The s tu d y  
o f  t h e s e  i n i t i a t o r s  a l lo w s  com par ison  o f  q u a l i t a t i v e  and q u a n t i t a t i v e  
r e s u l t s  o b t a i n e d  from a p p l i c a t i o n  o f  eq .  ( 3 ) w i t h  r e s u l t s  o f  o t h e r  
sys tem s  p r e s e n t l y  b e in g  u s e d .
The f o l l o w i n g  s e c t i o n  i n c l u d e s  a  summary o f  t h e  I n i t i a t o r s  
p r e v i o u s l y  s t u d i e d  u s i n g  t h e  v i s c o s i t y  t e c h n i q u e .  The q u a l i t a t i v e  and 
q u a n t i t a t i v e  s u c c e s s  o f  t h i s  t e c h n i q u e  w i l l  be d i s c u s s e d .
A. DIACYL PEROXIDES
M a r t i n 101 >4 has  s t u d i e d  t h e  d e c o m p o s i t i o n  o f  a c e t y l  p e r o x id e  
u s i n g  p e r o x i d e  l a b e l e d  w i t h  o x y g e n -18 in  t h e  c a r b o n y l  oxygen.  P e r o ­
x id e  which was r e c o v e r e d  a f t e r  p a r t  o f  t h e  m a t e r i a l  had  decomposed was 
found t o  have sc ram b le d  t h e  0 -18  be tween  t h e  c a r b o n y l  oxygen and t h e  
p e r o x i d i c  oxygen ;  t h i s  i n d i c a t e s  t h a t  a c e t y l  p e r o x i d e  i s  a  one-bond  
i n i t i a t o r .  From t h e s e  s c ra m b l in g  d a t a ,  M a r t in  was a b l e  t o  c a l c u l a t e
t h e  v a lu e  o f  f f . M a r t i n ' s  s t u d i e s  o f f e r  an  o p p o r t u n i t y  t o  t e s t  e q .  ( 3 )
b o th  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y .  The a u t h e n t i c i t y  o f  M a r t i n ' s  
v a l u e s  o f  f^  have  been  q u e s t i o n e d 4 b u t  he has  r e p e a t e d  t h e  s t u d i e s  
u s i n g  p e r o x i d e  h i g h l y  e n r i c h e d  i n  0 -1 8  and has  o b t a i n e d  r e s u l t s  i n
good ag reem en t  w i t h  h i s  p u b l i s h e d  v a l u e s . 5
P r y o r  and S m i th 111 have  found  t h a t  t h e  r a t e  o f  h o m o ly s i s  o f  
a c e t y l  p e r o x i d e  i s  d ependen t  on t h e  s o l v e n t  v i s c o s i t y .  A com par ison  
o f  M a r t i n ' s  v a l u e s  o f  f^  o b t a i n e d  from 0 -1 8  s c r a m b l i n g  s t u d i e s  and 
v a l u e s  o b t a i n e d  from v i s c o s i t y  s t u d i e s  can  be s een  in  T a b le  I .  P r y o r
TABLE I
CAGE RETURN ( f f ) FOR SOME ONE-BOND INITIATORS®
USING a-VALUES 0 . 5  AND 0.75* COMPARISON WITH 0-18  SCRAMBLING DATA
I n i t i a t o r S o lv en t T°C c r O .5
f r
ofO.75 0 -1 8
NATb Octane 50 O. 2 5 0 . I 5 —
NAT Octane 60 0 . 2 2 0 . 1 1 —
NAT Octane 70 0 . 2 0 _ _ —
NAT Octane 80 O . l J — —
PATC Octane 60 0 . 2 9 0 . 1 5 - -
PAT Decane 60 0 .3 7 0 . 2 5 - -
PAT Hexadecane 60 o .ue 0 . 3 7 —
AcOOAc Octane 60 0 . 3 3 0.21+ __
AcOOAc Octane 80 0 . 2 8 0 . 1 6 0 .3 5
C H3CO31—B u Octane 100 0 . 3 0 O . I 5 —
OH3CO31 Bu Nonane 130 0 . 1 2 0 . 0 8 —
CH3CO31 ™Bu P a r a f f i n  O i l 100 0 . 6 7 0 .5 9 0 . 1+2
CH3CO31^ Bu P a r a f f i n  O i l 130 0.1+3 O.3 8 0 . 3 0
(EtCOp)p Octane 80 0 0 0 . 0 9
EtC03 t -Bu Octane 100 0 . 2 3 0 . 1 3
PhCOpt-Bu Octane 115 0 . 1 7 0 . 0 9 —
BPOd Octane 80 0 0 0.01+
LPO6 Octane 80 0 0 - -
£-N0 aPhCH2C0 3 t -Bu Octane 80 0 . 2 1 — —
a .  Some o f  t h e s e i n i t i a t o r s  a r e  no t  d i s c u s s e d  u n t i l  l a t e r  In t h i s
D i s s e r t a t i o n , b u t  a r e  added to t h i s  T a b le  fo r th e  sake o f com-
p i e t l o n .
b. £ -N itro p h en y lazo tr ip h en y lm eth an e .
c . Phenylazo trlpheny lm ethane.
d . Benzoyl p e ro x id e .




and Smith o r i g i n a l l y  c a l c u l a t e d  u s i n g  0 . 5  a s  t h e  v a l u e  o f  a . 
However, d i f f u s i o n  s t u d i e s 2  I n d i c a t e  t h a t  a v a l u e  o f  a  o t h e r  t h a n  0 . 5  
might  g i v e  more m e a n in g f u l  v a l u e s  o f  f ^ .
The d i f f u s i o n  c o e f f i c i e n t s  f o r  d i l u t e  s o l u t i o n s  o f  b e n z e n e , 4 
I ^ , 6 and t o l u e n e 7 In  a  s e r i e s  o f  a l k a n e  s o l v e n t s  have been  measured  
and t h e  a  v a l u e s  o b t a i n e d 4 a r e  0 . 7 5 ,  0 . 7 7 ,  and 0 . 7 5 ,  r e s p e c t i v e l y .
I t  i s  l i k e l y  t h a t  d i f f e r e n t  I n i t i a t o r s  p roduce  r a d i c a l s  f o r  which d i f ­
f e r e n t  v a l u e s  o f  or s h o u ld  be u s e d ;  how ever ,  i t  i s  no t  c l e a r  a t  t h i s  
t ime how t h e  s t r u c t u r e  o f  t h e  d i f f u s i n g  p a r t i c l e  o r  o t h e r  r e a c t i o n  
v a r i a b l e s  a f f e c t  cr.
The re  have  been  two v a l u e s  o f  a  s u g g e s t e d ;  t h e  0 . 5  v a lu e  
d i s c u s s e d  p r e v i o u s l y  and j u s t i f i e d  by t h e o r e t i c a l  a r g u m e n t s , 8 and one 
e x p e r i m e n t a l l y  d e t e r m in e d  i n  one s y s t e m . 2  I t  sh o u ld  be p o i n t e d  ou t  
t h a t  n e i t h e r  o f  t h e s e  v a l u e s  o f  or need  a p p ly  t o  any g iv e n  i n i t i a t o r .  
T h e r e f o r e ,  t h e  f  v a l u e s  c a l c u l a t e d  u s i n g  eq .  5 sh o u ld  n o t  be t a k e n  
l i t e r a l l y  and s h o u ld  be c o n s i d e r e d  s e m i - q u a n t i t a t i v e  i n  n a t u r e .
B. AZ0-C0MP0UNDS
V i s c o s i t y  d a t a  i n d i c a t e  t h a t  azocumene i s  a  two-bond i n i ­
t i a t o r . 9 I t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  azocumene i s  a two-bond 
I n i t i a t o r  s i n c e  S e l t z e r 10 h a s  shown t h a t  a z o - 1 - p h e n y l  e t h a n e  I s  a 
two-bond i n i t i a t o r ,  and t h e  cumyl r a d i c a l  i s  even  more s t a b l e  t h a n
*
The v a l u e  o f  k A i s  d e t e r m in e d  from t h e  I n t e r c e p t  o f  p l o t t i n g  l / k 0 
v e r s u s  (Tl/A^® and f f  i s  d e t e r m in e d  u s i n g  t h e  r e l a t i o n s h i p  f f  ■
1 -  k o / k i . l n
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Is  t h e  1 - p h e n y l e t h y l  r a d i c a l .  I n  c o n t r a s t ,  v i s c o s i t y  d a t a  I n d i c a t e  
t h a t  j> -n l t ropheny  l a z o t r i p h e n y  lmethane (NAT) and pheny l  a z o t r i p h e n y l -  
methane (FAT) , a r e  one-bond i n i t i a t o r s .  Values  o f  f o r  NAT have 
been o b t a i n e d  a t  f o u r  t e m p e r a tu r e s  (T a b le  l ) ;  f r  f o r  PAT i s  l i s t e d  a t  
tjO1 f o r  s e v e r a l  s o l v e n t s .  The d i f f e r i n g  inodes o f  hom olys ls  o f  t h e s e  
compounds can be s een  In t h e  mechanisms shown below, where square  
b r a c k e t s  r e p r e s e n t  s p e c i e s  h e ld  t o g e t h e r  In  t h e  cage .
It 1
PhC(CH3 )2-N2-C(CH3 )pPh — * ->  [phC(CH3 ) 2 *N2 *C(CH3 )aPh]
Phc (CH3 ) 2 '  + N2 + • C (CH3 ) sPh (1+)
£-N 02-Ph-N p-C (Ph)3 ^— ~—>  [£-N02-Ph-N2 - *C(Ph)3 ]
k -1
£-N 02-Ph* + N2 + *C(Ph)3 (5)
C. PERESTERS
P ry o r  and S m i th 1” >° have s t u d i e d  a  s e r i e s  o f  s u b s t i t u t e d  
t - b u t y l  p h e n y l p e r a c e t a t e s  which had been  p r e v i o u s l y  s t u d i e d  by B a r t l e t t . 11 
The r a t e  c o n s t a n t s  f o r  t h e  hom olys ls  o f  t - b u t y l  p -m e th o x y p h e n y lp e ra c e ta te  
and t - b u t y l  p - m e th y l p h e n y l p e r a c e t a t e  a r e  Independent  o f  th e  v i s c o s i t y  
o f  th e  s o lv e n t  (T ab le  XI) .  T h e r e f o r e ,  v i s c o s i t y  d a t a  I n d i c a t e  t h a t  
t h e s e  two p e r e s t e r s  a r e  two-bond I n i t i a t o r s ;  t h i s  a g r e e s  w i th  t h e  con­
c l u s i o n s  o f  B a r t l e t t . 1£ V i s c o s i t y  d a t a  I n d i c a t e  t h a t  t h e  r a t e  o f  de­
c o m p o s i t io n  o f  t - b u t y l  p h e n y l p e r a c e t a t e  shows a  s l i g h t  dependence on 
v i s c o s i t y .  However, B a r t l e t t , 74 K o e n i g ,134 and Neuman13** have conc luded  
t h a t  t - b u t y l  p h e n y l p e r a c e t a t e  I s  a two-bond I n i t i a t o r .  I t  can  be argued
TABLE I I
HOMOLYSIS OP £-X-Ph-CH£-C03- t - B u
X S o lv e n t k . lO ^ fse c - 1 ) obs '  '
Number o f  Bonds 
b re a k in g
CH3- 0- O ctane 253-0 2
CH3- 0- Decane 2 5 2 .0 2
c h 3-o - Dodecane 2 6 5 .O 2
CH3- 0- Dodecane 2 5 I .O 2
CH3- 0- T e tra d e c a n e 2 6 6 .0 2
CH3 - 0- T e tra d e c a n e 2 7 0 .0 2
ch3- O ctane 8 8 .3 2
ch3- Decane 9 0 . 8 2
CH3 - Dodecane 8 5 .7 2
CH3 - T e tra d e c a n e 77-5 2
ch3 - Hexadecane 1 0 3 .2 2
H- Octane 3 U 7 1 ( 2 ) a
H- O ctane 3 0 . 6 1 ( 2 )
H- Nonane 3 1 . 2 1 (2 )
H- Decane 3 0 . 0 1 ( 2 )
H- Dodecane 2 7 . U i  (2 )
H- Dodecane 2 7 . 6 1 ( 2 )
H- T e tra d e c a n e 2 6 . 6 1 ( 2 )
H- Hexadecane 2 6 . 0 1 (2 )
NOp- Octane 6 .U2 1
no2- Decane 6 . 3 0 1
no2- Dodecane 5.81 1
NOg- T e tra d e c a n e 5 . 5 6 1
no2- Hexadecane 5.11 1




from a  d e t a i l e d  s tu d y  o f  th e  Hamnett g raph  o f  a  s e r i e s  o f  s u b s t i t u t e d  
t - b u t y l  p h e n y l p e r a c e t a t e s , t h a t  t - b u t y l  p h e n y lp e r a c e ta te  a c t u a l l y  
goes by b o th  one-bond and two-bond s c i s s i o n  s im u l ta n e o u s ly .  The r a t e  
o f  d eco m p o s it io n  o f  t - b u t y l  p - n l t r o p h e n y l p e r a c e t a t e  d e c r e a s e s  m arkedly 
w i th  i n c r e a s in g  s o lv e n t  v i s c o s i t y ,  I n d i c a t in g  t h a t  I t  I s  a  one-bond 
I n i t i a t o r .
An ex a m in a tio n  o f  th e  Hamnett g raph  I n d i c a t e s  t h a t  e l e c t r o n -  
r e l e a s i n g  s u b s t i t u e n t s  enhance b o th  th e  r a t e  o f  hom olysls  and th e  
a b i l i t y  o f  th e  i n i t i a t o r  to  undergo two-bond s c i s s i o n .  B a r t l e t t 11 
h as  found t h a t  th e  lo g a r i th m  o f  th e  r a t e  c o n s ta n t  i s  a  b e t t e r  l i n e a r  
f u n c t io n  o f  ct+ th a n  o f  a .  The v a lu e  o f  p ( -1 .2 0  a t  56° )  u s in g  ct+ 
v a lu e s  Is  I n d i c a t i v e  o f  s i g n i f i c a n t  c o n t r i b u t i o n  from re so n an ce  s t r u c ­
tu r e s  such as  l a  and lb  in  th e  t r a n s i t i o n  s t a t e .  S t r u c t u r e s  such as 
lb  would be a id e d  by e l e c t r o n - r e l e a s i n g  g ro u p s ,  th e re b y  lo w erin g  th e  
a c t i v a t i o n  en ergy  o f  hom olysls  and I n c r e a s in g  th e  r a t e  c o n s ta n t .  A lso ,  
th e  amount o f  bond b reak ag e  o f  the  c a rb o n -c a rb o n  bond Is  dependen t on 
th e  Im portance o f  s t r u c t u r e s  such  as  lb .
The v i s c o s i t y  d a ta  I n d i c a t e  t h a t  t - b u t y l  p e r a c e t a t e  I s  a one-
bond I n i t i a t o r .  T h is  I s  in  agreem ent w i th  p re v io u s  s t u d i e s  o f  K o en ig , 14
V alues o f  f  a re  l i s t e d  In  Table  I  f o r  o c ta n e  and nonane. The v a lu e s  r
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o f  f^  in  p a r a f f i n  o i l  o b ta in e d  from  v i s c o s i t y  s t u d i e s  a r e  compared to  
K o e n ig 's  r e s u l t s  u s in g  th e  o x y g e n -13 s c ra m b l in g  m ethod14 i n  T a b le  I .
As p r e v io u s ly  s t a t e d ,  we f e e l  t h a t  a c l o s e l y  r e l a t e d  s e r i e s  o f  s o l ­
v e n ts  sh o u ld  be u sed  t o  t e s t  e q u a t io n  ( 5 ) .  P a r a f f i n  o i l  i s  n o t  a  p u re  
a l k a n e ,  and c o m p ar iso n s  be tw een  d a t a  o b t a in e d  i n  p a r a f f i n  o i l  and 
d a t a  o b ta in e d  i n  a lk a n e s  may n o t  be r e l i a b l e .  N e v e r t h e l e s s ,  t h e  
v i s c o s i t y  d a ta  a g re e  r e a s o n a b ly  w e l l  w i th  K o e n ig 's  0 - 1 3  v a l u e s .
I I .  RESULTS AND DISCUSSIGN
I have  e x te n d e d  th e  v i s c o s i t y  t e c h n iq u e  f o r  d i s t i n g u i s h i n g  
one-bond from  m u l t i -b o n d  i n i t i a t o r s  t o  i n c lu d e  a l k y l  p e r o x id e s  a s  w e l l  
as  o t h e r  d i a c y l  p e r o x id e s  and p e r e s t e r s .
A. DIACYL PEROXIDES
1. Benzoyl P e ro x id e  (BPO)
When BPO i s  a l lo w e d  t o  decompose i n  wet CC14 c o n ta in in g  
i o d i n e ,  a n e a r l y  q u a n t i t a t i v e  y i e l d  o f  b e n z o ic  a c id  I s  o b t a i n e d ;  t h i s  
i n d i c a t e s  t h a t  BPO i s  a  one-bond  i n i t i a t o r . 15 M a r t in 16 has  r e c e n t l y  
r e p o r t e d  t h a t  0 -1 3  s c ra m b l in g  o c c u r s  i n  th e  d e c o m p o s i t io n  o f  BPO.
(An e a r l i e r ,  e r ro n e o u s  r e p o r t  had i n d i c a t e d  t h a t  s c ra m b l in g  d id  n o t 
o c c u r . 17) However, M a r t in  c a l c u l a t e s  t h a t  o n ly  U.3^  o f  th e  b enzoy loxy  
r a d i c a l s  from BPO recom bine  i n  l s o o c ta n e  a t  80° compared w i th  38$  o f  
th e  a c e to x y  r a d i c a l s  from a c e t y l  p e ro x id e  u n d e r  th e  same c o n d i t i o n s .
We have d e te rm in e d  t h e  r a t e  o f  d e c o m p o s it io n  o f  BPO i n  a 
s e r i e s  o f  a l k a n e s .  In  o r d e r  t o  ch eck  f o r  p o s s i b l e  Induced  decom posi­
t i o n ,  we have  c a r r i e d  o u t  k i n e t i c  ru n s  u n d e r  v a r i e d  c o n d i t i o n s .
S ty re n e  ( 0 .2  M) h a s  been  added In  s e v e r a l  k i n e t i c  ru n s  and h as  no ap ­
p a r e n t  e f f e c t  on t h e  r a t e  c o n s t a n t .  F u r th e r m o r e ,  d e g a s s in g  c a u s e s  an 
i n c r e a s e  i n  th e  r a t e  c o n s t a n t .  A p o s s i b l e  e x p l a n a t i o n  I s  t h a t  t h e r e  
i s  enough oxygen p r e s e n t  i n  th e  n o n -d e g a sse d  ru n s  t o  s cav en g e  any 
r a d i c a l s  p r e s e n t  w hich m igh t c a u s e  Induced  d e c o m p o s i t io n .  The r e ­
moval o f  oxygen by d e g a s s in g  a p p a r e n t l y  a l lo w s  t h e s e  unscavenged  
r a d i c a l s  t o  c a u se  in d u ced  d e c o m p o s it io n  and an I n c r e a s e  In  th e  o b se rv ed
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r a t e  c o n s t a n t .  The a d d i t i o n  o f  s ty r e n e  w h ic h ,  l i k e  oxygen , I s  c a p a b le
of s c a v e n g in g  r a d i c a l s  w hich would c a u se  ind u ced  d e c o m p o s i t io n ,  h as  no
#
e f f e c t  on th e  o b se rv e d  r a t e  c o n s t a n t .  Our r e s u l t s  i n d i c a t e  t h a t  th e  
r a t e  o f  d e c o m p o s i t io n  o f  BPO shows e i t h e r  a v e ry  s l i g h t  dependence  on 
th e  v i s c o s i t y  o f  t h e  s o lv e n t  o r  none a t  a l l  ( s e e  T a b le  I I I ) .  I t  I s  
a p p a r e n t  t h a t ,  even  though  BPO i s  a  one-bond  I n i t i a t o r ,  l i t t l e  o r  no 
i n t e r n a l  r e t u r n  o c c u r s .  T h is  w i l l  be d i s c u s s e d  In  more d e t a i l  l a t e r .
2 . P ro p io n y l  P e ro x id e  (PPO)
Our p r e l im in a r y  r e s u l t s  I n d i c a t e  t h a t  t h e  v i s c o s i t y  o f  th e  
s o lv e n t  h as  no a p p a r e n t  e f f e c t  on th e  r a t e  o f  d e c o m p o s i t io n  o f  PPO 
( s e e  T a b le  i ) .  I t  seems t h a t  u n d e r  c e r t a i n  c o n d i t i o n s  Induced  decom­
p o s i t i o n  m ight be t a k i n g  p l a c e  j u s t  as  In  t h e  c a s e  o f  BPO. When th e  
am poules a r e  d e g a s s e d ,  t h e r e  i s  an  I n c r e a s e  In  th e  r a t e  o f  decom posi­
t i o n .  F u r th e rm o re ,  th e  a d d i t i o n  o f  s t y r e n e  h a s  no e f f e c t  on th e  r a t e  
c o n s t a n t .
5. L a u ro y l  P e ro x id e  (LPO)
S e v e r a l  s t u d i e s  on th e  p r o d u c t s  formed i n  t h e  d e c o m p o s it io n  
o f  LPO have been  r e p o r t e d  i n  th e  l i t e r a t u r e . 18*19 G u i l l e t  and G i lm e r19 
have d i s c u s s e d  th e  c h e m is t r y  o f  cag e  r e a c t i o n s  i n  th e  d e c o m p o s i t io n  o f  
LPO. However, t h e r e  seems t o  have been  no work aim ed a t  d e te r m in in g  
w h e th e r  LPO decom poses by a  c o n c e r t e d  m echanism. Our r a t e  d a t a  i n d i c a t e
The o b se rv e d  r a t e  c o n s t a n t  i s  t h e  sum o f  th e  u n im o le c u la r  r a t e  o f  
h o m o ly s ls  and t h e  r a t e  o f  ind u ced  d e c o m p o s i t io n .  S ty re n e  and oxygen 
s h o u ld  have no e f f e c t  on th e  r a t e  o f  h o m o ly s ls .
TABLE I I I
RATE OF DECOMPOSITION OF DIACYL PEROXIDES* (RCO£ ) 2 
AT 80° IN ALKANE SOLVENT
R « S o lv en t l O ^ f s e c
Phenyl Hexane 2 .85
Phenyl Heptane 2 .5 7
Phenyl Heptane 2 . 1+1
Phenyl Heptane 2 .75
Pheny1 Heptane 3 . 00b
PhenyI Heptane } . 8 UC
Phenyl Heptane 2 .8 0
Phenyl Heptane 2 .95b
Phenyl Heptane 2 .7 7
Phenyl I so o c ta n e 2 .7 9
Phenyl Decane 2 .53
Phenyl T e t rad ec a n e 2.61+
Phenyl T e t rad ecan e 2.61+
Phenyl T e t r ad ecan e 2 .6 5
Phenyl T e t ra d e c an e l+.li+c
Phenyl Hexadecane 2 .5 0
Phenyl Hexadecane 2 . 5I
Phenyl Hexadecane 2 .7 0 b
Phenyl Hexadecane 2 . 58b
Phenyl N ujo l 2 .69
Phenyl Nujol 3 .1 8
C2H5 Heptane 7.53
CJHS Heptane 7 .9^
CaH5 Heptane 12 . 21C
CaH5 Heptane 8 .16 *
C^Hs Heptane 7 .39
c s h 5 Heptane 8 . 0 8
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.Continued
TABLE I I I  (C o n tin u ed )
R « S o lv en t 10^k.( s e e ” *)
C2H5 Octane 7.73
c 2h5 Nonane 7 .96
c 2h5 Nonane 7.81
c e h 5 Decane 8 .5 5
c 2h5 Decane 7 .5 2
Decane 7 .8 5
C2H5 Dodecane 7.85
CsHs T e tra d e c a n e 7.63
c £h 5 T e tra d e c a n e 8 .2 3 b
c 2h5 Hexadecane 8 .6 3 b
CsH5 N ujol 8 . 0 9
C l  1 ^ 3 3 Hexane 9 . U 6
c n Ha 3 Heptane 9 .71
C 1X^23 Decane 9 .63
C l l H 2 3 T e tra d e c a n e 9 .7 2
C 1 1 H2 3 Hexadecane 8 . 9 6
CliH23 N ujol 10.5
a .  The c o n c e n t r a t i o n  of 
2  x 10*£ M.
th e  p e ro x id e s In  a l l  o f  th e s e  ru n s  i s
b .  S ty re n e  (0 . 2  M) was added to  th e s e  ru n s .
c .  The sam ples In  th e se  ru n s  were d e g a sse d .
d . There was d i f f i c u l t y  In  o b ta in in g  an a c c u r a t e  i n f i n i t y  p o in t  in  
t h i s  ru n  due to  a p r e c i p i t a t e  p r e s e n t  in  th e  ampoules where th e  
c o n te n t s  had been  a l lo w ed  to  decompose f o r  t e n  h a l f - l i v e s .
1U
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t h a t  t h e  d e com pos i t ion  o f  LPO I s  Independen t  o f  th e  v i s c o s i t y  o f  th e  
s o l v e n t  ( s e e  Table  I I I ) .  P o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  w i l l  be d i s ­
cu s sed  In  t h e  f o l l o w in g  s e c t i o n s .
B. PERESTERS
1. D i - t - b u t y l  p e r o x y o x a la t e  (DBPO)
We have found t h a t  t h e  r a t e  of  deco m p o s i t io n  o f  DBPO I s  In ­
dependen t  o f  t h e  s o lv e n t  v i s c o s i t y  I n d i c a t i n g  t h a t  t h i s  I s  a  m u l t i -  
bond I n i t i a t o r  ( s e e  Table  IV ) .  The v i s c o s i t y  t e s t  c an n o t  d i s t i n g u i s h  
be tween a  two-bond and a  t h r e e - b o n d  I n i t i a t o r  s in c e  i n  b o th  c a s e s  
t h e r e  can be no i n t e r n a l  r e t u r n .  I t  I s  p o s s i b l e  t h a t  DBPO i s  e i t h e r  
a two-bond o r  a t h re e -b o n d  I n i t i a t o r ,  t h e  p r o d u c t s  o f  h em o ly s i s  a r e  




B a r t l e t t  has  s t u d i e d  DBPO and p o s t u l a t e d  t h a t  I t  I s  p ro b ab ly  a t h r e e -  
bond i n i t i a t o r .
2 .  t - B u t y l  P e r b e n s o a t e
We have found t h a t  th e  r a t e  o f  d eco m p o s i t io n  o f  t - b u t y l  
p e r b e n s o a t e  d e c r e a s e s  w i t h  I n c r e a s i n g  s o l v e n t  v i s c o s i t y  (Tab le  V and 
F i g u r e  1 ) .  T h is  o b s e r v a t i o n  a g r e e s  q u a l i t a t i v e l y  w i th  t h e  r e s u l t s  
o f  K o e n ig .20 His s t u d i e s  were c a r r i e d  o u t  a t  I 300 u s in g  hexane 
th i c k e n e d  w i th  p a r a f f i n  o i l .  We have c a l c u l a t e d  t h e  v a lu e s  o f  f p a t  
115°  u s i n g  eq.  ( 3 ) Cor v a l u e s  of  cr o f  b o th  0 . 3  and 0 . 7 5 *
TABLE IV
RATE OF DECOMPOSITION OF DBPO AT J+l° IN ALKANE SOLVENTS




T e t r a d e c a n e 1 .71
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TABLE V
RATE OF DECOMPOSITION OF t-BUTYL PERBKNZGATE AT 115° 
AND CALCULATED VALUES OF £r
S o lv e n t 10^  ( s e c -  A) orO. 5
f r
f f-0.75
H eptane 7 .2 1 0 . 1 5 0 .0 7
Octane 7 .0 6 0 .1 7 0 . 0 9
Nonane 6 . 8 7 0 . I 9 0 . 1 2
Decane 6 .7 7 0 . 2 2 0 . 1 3
D odecane 6 . 1+1+ 0 . 2 5 0 .1 7
T e tr a d e c a n e 6 . 0 3 0 . 2 8 0 . 2 3
Hexadecane 5.97 0 . 3 1 0 . 21+
N u jo l k.$k 0 . 1+9 0 . 1+i+a
a .  The v a lu e  o f  l / k 2 was c a l c u l a t e d  w i th o u t  u s i n g  th e  r a t e  c o n s t a n t  











FIGURE 1. The obse rved  r a t e  c o n s t a n t  o f  t - b u t y l  p e rb e n z o a te  
as  a f u n c t i o n  o f  s o lv e n t  v i s c o s i t y .
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C. DISCUSSION OF CAGE COMBINATION OF ACYLOXY RADICALS
The a b i l i t y  of  acy lo x y  r a d i c a l s  t o  recombine w i t h i n  the  so l  
vent  cage to  refo rm  p e ro x id e  a p p a r e n t l y  i s  no t  a s  s t r a i g h t f o r w a r d  as
time in  i s o o c t a n e ;  however ,  benzoyloxy r a d i c a l s ,  which d e c a r b o x y l a t e  
l e s s  r e a d i l y , 21 recombine on ly  about  o f  t h e  t im e  i n  t h e  same s o l ­
v e n t . 16 F u r th e rm o re ,  DeTar22 has shown t h a t  d e c a r b o x y l a t i o n  o f  
benzoyloxy r a d i c a l s  i s  too  slow to  compete w i th  cage r e c o m b in a t io n .  
The q u e s t i o n  i s :  why do a c e to x y  r a d i c a l s  recombine more r e a d i l y  than
th e  more s t a b l e  benzoyloxy  r a d i c a l s ?  M a r t i n 16 has  o f f e r e d  t h r e e  pos­
s i b l e  e x p l a n a t i o n s  f o r  th e  sm al l  amount of  0-18  sc ram b l in g  observed  
In BPO:
(a)  an a p p r e c i a b l e  amount o f  cage r e t u r n  o c c u r s  w i th o u t  
s c ram b l in g  of  l a b e l  In  t h e  benzoyloxy r a d i c a l ;
(b) an a c t i v a t i o n  b a r r i e r  f o r  th e  r e c o m b in a t io n  o f  
benzoyloxy r a d i c a l s  e x i s t s  which i s  h i g h e r  th an  th e  
n e a r  z e r o  b a r r i e r  f o r  ace toxy  r a d i c a l  r e c o m b in a t io n ;  o r
(c )  AS* i s  u n f a v o ra b le  f o r  t h e  r e c o m b in a t io n  o f  benzoyloxy 
r a d i c a l s .
M a r t in 23 p o s t u l a t e s  t h a t  cage r e t u r n  w i th o u t  s c ram b l in g  co u ld  r e s u l t  
from cage r e c o m b in a t io n  b e in g  f a s t  r e l a t i v e  t o  r e o r i e n t a t i o n  o f  t h e  
benzoyloxy r a d i c a l  due t o  s t r u c t u r e s  such as
i t  would seem. Acetoxy r a d i c a l s  recombine about  *m»° o f  t h e
I I
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To s tudy  t h i s  e f f e c t ,  M a r t in  has  s t u d i e d  a c e t y l  benzoyl  p e ro x id e  
l a b e l e d  o n ly  a t  t h e  oxygen on th e  benzoyloxy  group in  one e x p e r im en t ,  
and th e  oxygen on t h e  a c e to x y  group i n  a n o th e r  e x p e r im en t .  The amount 
o f  s c ram b l in g  i s  s l i g h t l y  l e s s  when th e  l a b e l  I s  on th e  benzoyloxy 
group ( 1 7 . 9 $) th a n  when th e  l a b e l  i s  on t h e  ace to x y  group ( 2 2 .6 $ ) .
This  sm al l  change i s  h a r d l y  enough t o  accoun t  f o r  the  l a r g e  d i f f e r e n c e
in  f f  between a c e t y l  p e ro x id e  and BPO.
I f  the  benzoyloxy r a d i c a l s  recombine w i th  o r  w i th o u t  
s c r a m b l in g ,  the  obse rved  r a t e  c o n s t a n t  should  be dependent  on t h e  
v i s c o s i t y  o f  the  s o l v e n t .  Our v i s c o s i t y  d a t a  i n d i c a t e  t h a t  t h e r e  i s
l i t t l e  o r  no change in  r a t e  c o n s t a n t  w i th  s o l v e n t  v i s c o s i t y  ( see
Table  I I I ) .
I t  i s  p o s s i b l e  t h a t  th e  energy  o f  a c t i v a t i o n  f o r  recombina­
t i o n  o f  benzoyloxy r a d i c a l s  i s  l a r g e r  th an  f o r  ace to x y  r a d i c a l s .  S ince  
the  odd e l e c t r o n  on th e  benzoyloxy r a d i c a l  I s  d e l o c a l i z e d  i n t o  th e  
r i n g ,  i t  i s  l i k e l y  t h a t  th e  e l e c t r o n  d e n s i t y  on oxygen i s  l e s s  f o r  th e  
benzoyloxy r a d i c a l  th a n  f o r  t h e  ac e to x y  r a d i c a l .  However,  B a r t l e t t 24 
has s t a t e d  t h a t  even  r a d i c a l s  which have a  re sonance  energy  of  
2 0-30  k c a l /m o le  can  undergo  c o u p l in g  a t  a d i f f u s i o n - c o n t r o l l e d  r a t e .
I t  i s  p o s s i b l e  t h a t  th e  r e c o m b in a t io n  of  ace toxy  r a d i c a l s  
i s  more f a c i l e  than  th e  r e c o m b in a t io n  o f  benzoyloxy r a d i c a l s  due to  
a more f a v o r a b l e  AS* f o r  r e c o m b in a t io n .  However,  s i n c e  AS* f o r  
hom olys is  o f  a c e t y l  p e r o x id e  (1U.1+) and BPO (1 3 * 3 )1£a I s  about  th e  
same, i t  i s  not l i k e l y  t h a t  th e  AS* f o r  r e c o m b in a t io n  o f  th e  two 
r a d i c a l s  d i f f e r s .
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I t  i s  a l s o  p o s s i b l e  t h a t  t h e  b e h a v i o r  o f  benzoy loxy  r a d i c a l s  
can  be e x p l a i n e d  I n  te rm s  o f  e l e c t r o s t a t i c  r e p u l s i v e  f o r c e s  be tw een  
th e  b en zo y lo x y  r a d i c a l s .  Sw ain ,  S to ck m ay er ,  and C l a r k e 25 have  shown 
t h a t  t h e  r a t e  d a t a  f o r  t h e  h o m o ly s l s  o f  s u b s t i t u t e d  b en zo y l  p e r o x i d e s  
g iv e  a p v a l u e  o f  - O . 5 8  In  d lo x a n e  a t  8 0 ° .  There  I s  no minimum i n  t h e  
c u rv e  ( a  p -c y a n o  group  s lows down t h e  r a t e  o f  h o m o ly s l s  r e l a t i v e  t o  a 
p - h y d r o g e n ) . S in c e  a cyano group  can  s t a b i l i z e  t h e  b enzoy loxy  r a d i c a l  
b e t t e r  t h a n  h y d r o g e n ,  t h e  s t a b i l i t y  o f  t h e  benzoy loxy  r a d i c a l  i s  n o t  
t h e  most  i m p o r t a n t  f a c t o r  In  d e t e r m i n i n g  t h e  r a t e  o f  h o m o l y s l s .  The 
r a t e  o f  h o m o ly s l s  o f  b e n z o y l  p e r o x i d e s  I n c r e a s e s  a s  t h e  t o t a l  e l e c t r o n  
d e n s i t y  a t  t h e  p e r o x l d l c  l i n k a g e  I n c r e a s e s .  The t r a n s i t i o n  s t a t e  f o r  
t h e  h o m o ly s l s  o f  BPO can  be r e p r e s e n t e d  by
O ' D r l s c o l l  and w h i t e 26 have  used  b i s - s u b s t i t u t e d  b e n z o y l  
p e r o x i d e s  as  I n i t i a t o r s  f o r  t h e  p o l y m e r i z a t i o n  o f  b u lk  s t y r e n e  a t  90° .  
They found t h a t  e l e c t r o n - r e l e a s i n g  g roups  I n c r e a s e  t h e  r a t e  o f  p o l y ­
m e r i z a t i o n ,  b u t  t h a t  s u b s t i t u e n t s  more e l e c t r o n - w i t h d r a w i n g  t h a n  p-Cl  
had no e f f e c t  on t h e  u n l m o l e c u l a r  r a t e  c o n s t a n t  d e t e r m in e d  from th e  
r a t e  o f  p o l y m e r i z a t i o n .  They c o n c lu d ed  t h a t  b o th  e l e c t r o s t a t i c  r e p u l ­
s i o n  and t h e  s t a b i l i t y  o f  t h e  r a d i c a l  formed d e t e r m in e d  th e  r a t e  o f  
h o m o ly s l s .  F u r t h e r  e v id e n c e  f o r  t h e  t r a n s i t i o n  s t a t e  shown i n  ( i l l )
I s  t h e  i n c r e a s e  In  t h e  r a t e  o f  h o m o ly s l s  f o r  BPO i n  more p o l a r  s o l ­
v e n t s . 26 The e n e rg y  o f  a c t i v a t i o n  f o r  t h e  d e c o m p o s i t i o n  o f  BPO I n
I I I
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p o l a r  s o l v e n t s  i s  lowered b ec a u se  o f  f a v o r a b l e  I n t e r a c t i o n s  w i th  t h e  
s o l v e n t .  I f  t h e  t r a n s i t i o n  s t a t e  were l e s s  p o l a r  th a n  t h e  s t a r t i n g  
m o le c u le ,  t h e  r a t e  o f  homolyslB would have been  ex p e c ted  t o  d e c r e a s e  
In  more p o l a r  s o l v e n t s .  For  example ,  t h i s  I s  t r u e  f o r  t h e  homolysls  
o f  h e x a p h e n y le th a n e . 27 S ince  th e  hom olys ls  o f  BPO i s  en d o th e rm ic ,  
th e  t r a n s i t i o n  s t a t e  should  look more l i k e  p r o d u c t  th a n  r e a c t a n t . 26 
T h e r e f o r e ,  I t  I s  l i k e l y  t h a t  t h e r e  i s  an e l e c t r o s t a t i c  r e p u l s i o n  
between t h e  caged benzoyloxy r a d i c a l s  a s  Is  shown i n  ( i l l ) .  Such an 
e f f e c t  would tend  t o  a c c e l e r a t e  d i f f u s i o n  from the  cage and r e t a r d  
r a d i c a l  r e c o m b in a t io n  to  form BPO. In  te rms o f  c l a s s i c a l  r e sonance  
s t r u c t u r e s ,  th e  p o l a r  form o f  t h e  benzoyloxy  r a d i c a l  can  be r a t i o n a ­
l i z e d  by drawing s t r u c t u r e s  such as
between t h e  benzoyloxy r a d i c a l s .  They have c a r r i e d  ou t  0-18 sc ram b l in g  
s t u d i e s  f o r  t h r e e  sy m m e t r i c a l ly  s u b s t i t u t e d  benzoy l  p e r o x i d e s .  T h e i r  
r e s u l t s  I n d i c a t e  t h a t  t h e r e  I s  no c o r r e l a t i o n  between f p and p o l a r  sub­
s t i t u e n t  e f f e c t s  f o r  th e  p e r o x id e s  s t u d i e d .  I t  would be of  I n t e r e s t  
t o  s tudy  an u n s y m n e t r l c a l l y  s u b s t i t u t e d  benzoy l  p e ro x id e  such as
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M ar t in  and H a r g i s 23 have r e c e n t l y  c o n s id e r e d  th e  p o s s i b i l i t y
t h a t  t h e  low v a lu e  o f  f^  i s  due t o  e l e c t r o s t a t i c  r e p u l s i v e  f o r c e s
V
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where t h e r e  would be much l e s s  ch a n c e  f o r  e l e c t r o s t a t i c  r e p u l s i o n  
between th e  f r a g m e n t s .  More r e s e a r c h  I s  c a l l e d  f o r  In  t h i s  a r e a  s i n c e  
i t  i s  s t i l l  n o t  known why th e  amount o f  cage  r e t u r n  f o r  BPO I s  so 
s m a l l .
We w i l l  now c o n s i d e r  th e  f a t e  o f  l a u r o y lo x y  r a d i c a l s  formed 
I n  t h e  h o m o ly t l c  d e c o m p o s i t i o n  o f  LPO. We have s t a t e d  p r e v i o u s l y  t h a t  
t h e  r a t e  of d e c o m p o s i t i o n  o f  LPO i s  In d ep en d en t  o f  s o l v e n t  v i s c o s i t y .  
T he re  a r e  s e v e r a l  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  o b s e r v a t i o n .  F i r s t ,  
i t  i s  p o s s i b l e  t h a t  LPO I s  a  one-bond  i n i t i a t o r  bu t  t h a t  d e c a r b o x y l a ­
t i o n  i s  r a p i d  r e l a t i v e  t o  i n t e r n a l  r e t u r n .  One o f  t h e  r e q u i r e m e n t s  f o r  
t h e  d e r i v a t i o n  o f  eq .  ( 3 ) I s  t h a t  < 1* C a l c u l a t i o n s  f o r  a
h y p o t h e t i c a l  i n i t i a t o r  which h a s  t h e  same v a l u e s  o f  k _ x and k Q as  
a c e t y l  p e r o x i d e  b u t  u n d e rg o es  / 9 - s c i s s i o n  w i th  a r a t e  c o n s t a n t  1 0 - f o l d  
l a r g e r  a r e  shown In  T ab le  VI. These d a t a  i n d i c a t e  t h a t  th e  v i s c o s i t y  
dependence  o f  ko would be too  s m a l l  t o  be o b s e r v e d ,  and t h a t  the
" 1 0 - t i m e s  k „ "  i n i t i a t o r ,  t h e r e f o r e ,  would a p p e a r  t o  be a  two-bond 
P
I n i t i a t o r  by a p p l i c a t i o n  of  t h e  v i s c o s i t y  t e s t .  I f  t h e  r a t e s  of  two
r e a c t i o n s  d i f f e r e d  by AH of  1 . 6  k c a l / m o l e  a t  80° , xr c a l c u l a t i o n s  show
t h a t  one  r a t e  c o n s t a n t  would be 10 t im e s  g r e a t e r  th a n  t h e  o t h e r .
S in ce  t h e  l a u r o y l o x y  r a d i c a l  sh o u ld  have a  low er  e n e rg y  o f  a c t i v a t i o n
f o r  d e c a r b o x y l a t i o n  t h a n  th e  a c e t o x y  r a d i c a l ,  i t  i s  c o n c e i v a b l e  t h a t
LPO behaves  l i k e  t h e  " 1 0 - t lm e a  k 0" I n i t i a t o r .  S in c e  t h e  o b s e rv e d  r a t e
P
c o n s t a n t s  f o r  LPO and a c e t y l  p e r o x i d e  a r e  ab o u t  t h e  same,  i t  i s  l i k e l y  
t h a t  t h e i r  r e s p e c t i v e  v a l u e s  o f  and k_ x a r e  a b o u t  t h e  same ( s e e  
Scheme I ) .
table v ia
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A n o th e r  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  l a c k  o f  v i s c o s i t y  de ­
pendence o f  k 0 f o r  LPO i s  I l l u s t r a t e d  by t h e  second s e t  o f  c a l c u l a ­
t i o n s  In  T a b le  V. These  d a t a  show t h e  r e s u l t s  f o r  a  h y p o t h e t i c a l  
I n i t i a t o r  which h a s  t h e  same v a l u e s  o f  k _ x and k^  a s  a c e t y l  p e r o x i d e  
bu t  kQ s m a l l e r  th a n  t h a t  f o r  a c e t y l  p e r o x i d e  by a  f a c t o r  o f  1 0 .
These c a l c u l a t i o n s  I n d i c a t e  t h a t  t h e  v i s c o s i t y  dependence  o f  k 0 would 
be too  s m a l l  t o  be o b s e rv e d  In  t h i s  c a s e  a s  w e l l .  E i t h e r  a s u b s t a n ­
t i a l  i n c r e a s e  In  k „  o r  a d e c r e a s e  In  k ( r e l a t i v e  t o  a c e to x y  r a d i c a l s )
P  0
can  c r e a t e  a  s i t u a t i o n  where a  one-bond  I n i t i a t o r  has  an o b s e rv e d  r a t e  
c o n s t a n t  which a p p e a r s  t o  be In d ep en d en t  o f  v i s c o s i t y .  I t  I s  p o s s i b l e  
t h a t  i n  th e  c a s e  o f  l a u r o y lo x y  r a d i c a l s  from t h e  d e c o m p o s i t i o n  o f  LPO, 
o n e ,  o r  b o th  of  t h e s e  c o n d i t i o n s  p r e v a i l .  Of c o u r s e ,  i t  a l s o  I s  p o s ­
s i b l e  t h a t  LPO I s  a two-bond I n i t i a t o r .  In  o r d e r  t o  d e t e r m in e  th e  
r e l a t i v e  e n e rg y  r e q u i r e m e n t s  f o r  d i f f u s i o n ,  d e c a r b o x y l a t i o n ,  and r e ­
c o m b in a t io n  o f  a cy lo x y  r a d i c a l s ,  t h e  v i s c o s i t y  dependence  on th e  r a t e  
o f  d e c o m p o s i t io n  o f  LPO and o t h e r  d l a c y l  p e r o x i d e s  have  been  s t u d i e d .
I t  I s  known t h a t  a c e t y l  p e r o x i d e  I s  a  one-bond i n i t i a t o r .  
S in ce  l a u r o y l  p e r o x i d e  (LPO) and p r o p i o n y l  p e r o x i d e  (PPO) decompose 
a t  e s s e n t i a l l y  th e  same r a t e  a s  a c e t y l  p e r o x i d e ,  I t  m igh t  be assumed 
t h a t  t h e s e  I n i t i a t o r s  a l s o  decompose by a  n o n - c o n c e r t e d  mechanism.
The r a t e  o f  d e c o m p o s i t i o n  o f  a c e t y l  p a r o x i d e  I s  d ep en d en t  on s o l v e n t  
v i s c o s i t y ,  and t h e r e f o r e  a  s i m i l a r  e f f e c t  m igh t  be e x p e c t e d  in  t h e  de­
c o m p o s i t i o n  o f  PPO and LPO.
As s t a t e d  p r e v i o u s l y ,  I f  t h e  r a t e s  o f  two r e a c t i o n s  d i f f e r  
by AH of  1 . 6  k c a l / m o l e ,  t h e n  t h e  r a t e  c o n s t a n t  w i t h  t h e  "low" v a lu e
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o f  AH would be 10 t im e s  f a s t e r  t h a n  t h e  o t h e r  r a t e  c o n s t a n t .  B e a r in g  
t h i s  f a c t  I n  m ln d t I t  I s  o f  I n t e r e s t  t o  examine t h e  e n e r g i e s  o f  d e c a r ­
b o x y l a t i o n  o f  v a r i o u s  acy lo x y  r a d i c a l s .  We have  t a b u l a t e d  some c a l ­
c u l a t e d  and measured  AH v a l u e s  f o r  t h e  d e c a r b o x y l a t i o n  o f  some a c y lo x y  
r a d i c a l s  a s  w e l l  a s  t h e  AH v a l u e s  o f  t h e  / { - s c i s s i o n  o f  t h e  t - b u t y o x y  
r a d i c a l  ( s e e  T a b le  V I I ) .
A co m p ar i so n  o f  t h e  AH v a l u e s  f o r  / { - s c i s s i o n  o f  t h e  a c e to x y  
and p r o p lo n y lo x y  r a d i c a l s  shows t h a t  t h e  fo rm er  p r o c e s s  i s  s l i g h t l y  
more e x o t h e r m ic .  By a p p l y i n g  t h e  Hattxnond p o s t u l a t e 20 t o  t h e s e  r e a c ­
t i o n s ,  i t  I s  p r e d i c t e d  t h a t  th e  e n e rg y  o f  a c t i v a t i o n  f o r  t h e  more exo­
th e rm ic  p r o c e s s  would be lo w er .  I t  i s  t h e  d i f f e r e n c e  In  e n e r g i e s  of  
a c t i v a t i o n  t h a t  d e t e r m in e s  th e  r e l a t i v e  v a l u e s  f o r  th e  r a t e  c o n s t a n t  
f o r  t h e  r e a c t i o n s  i n  q u e s t i o n .  The AH f o r  d e c a r b o x y l a t i o n  o f  a c e to x y  
and p ro p lo n y lo x y  r a d i c a l s  I s  a  r e f l e c t i o n  o f  t h e  g r e a t e r  s t a b i l i t y  o f  
t h e  e t h y l  r a d i c a l  compared t o  t h e  m e thy l  r a d i c a l .  I n  o r d e r  t o  d i s c u s s  
t h e  a b i l i t y  of  t h e  l a u r o y l o x y  r a d i c a l  t o  d e c a r b o x y l a t e  r e l a t i v e  t o  t h e  
p r o p lo n y lo x y  and a c e to x y  r a d i c a l s ,  t h e  s t a b i l i t y  o f  t h e  a l k y l  r a d i c a l s  
formed sh o u ld  be compared.  The u n d e c y l  and e t h y l  r a d i c a l s  sh o u ld  have 
t h e  same s t a b i l i t y ,  s i n c e  b o th  a r e  p r im ary  a l k y l  r a d i c a l s .  T h e r e f o r e ,  
AH, and a l s o  t h e  e n e rg y  o f  a c t i v a t i o n  f o r  d e c a r b o x y l a t i o n  o f  t h e  
l a u r o y lo x y  and p r o p lo n y lo x y  r a d i c a l s  sh o u ld  be t h e  same. A p p a r e n t l y ,  
LPO and PPO a r e  examples  o f  i n i t i a t o r s  which undergo  one-bond s c i s s i o n  
and a r e  i n s e n s i t i v e  t o  t h e  v i s c o s i t y  t e s t  b e ca u s e  o f  t h e  " 10- t i m e s  k^"  
phenomena d i s c u s s e d  p r e v i o u s l y .
The re  I s  a d d i t i o n a l  e v l d e n c e  s u p p o r t i n g  th e  p o s t u l a t i o n  t h a t  
t h e  a b i l i t y  o f  acy lo x y  r a d i c a l s  t o  d e c a r b o x y l a t e  g o v e rn s  t h e  amount o f
TABLE V II
ENERGY REQUIREMENTS FOR 0-SCISSION OF SEVERAL RADICALS
R e a c t a n t P r o d u c t s AH Ea
t -B u to x y A ce tone  + CH3 3 .8 * 13 + 3b
Benzoyloxy COp + Ph- 7 + f —
P r o p lo n y lo x y C0e  + Et* - 1 7 , d - I 5 a —
Acetoxy C0a  + Me* - U d 5e
a .  C a l c u l a t e d  from t h e  t a b l e s  In  S . W. Benson,  "Thermochemical  Kine­
t i c s " ,  John Wiley and S ons ,  I n c .  ( 1 9 6 8 ) .
b .  P .  G ray ,  R. Shaw, and J .  C. J .  Thy n n e , i n  " P r o g r e s s  i n  R e a c t io n  
K i n e t i c s " ,  Vol.  k , G. P o r t e r  E d . ,  Pergamon P r e s s ,  O x fo rd ,  Eng land ,  
1967, PP- 65 -112 .
c .  P. Gray ,  i n  " O x i d a t i o n  o f  O rgan ic  Compounds", V o l .  1 ,  F . R. Mayo 
E d . ,  Advances  i n  C h em is t ry  S e r i e s ,  No. 7 5 , American  Chemical  So­
c i e t y ,  W ash ing ton ,  D. C . , I 9 6 8 , pp .  282-287 .
d .  M. Szwarc and L. H e r k , J* Chem. P h y s . .  2 9 . U38  ( I 9 5 8 ) .
e .  L. H erk ,  M. F e l d ,  and M. Szw arc ,  J .  Amer. Chem. S o c . .  8 3 . 390^ 
(1 9 6 1 ) .
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c t g e  r e tu r n , M ertln  h w  c a r r ie d  out O -18 scra m b lin g  s t u d ie s  on p ro -  
p lo n y l p e r o x id e  and p r o p lo n y l a c e t y l  p e r o x id e .89 The f  r  v a lu e  ob­
ta in e d  by M artin  fo r  p r o p lo n y l p e r o x id e  i s  0 .0 9 ,  ***<1 p r o p lo n y l a c e t y l  
p ero x id e  I s  0 . 1 7 - ( a c e t y l  p e r o x id e  I s  0 .3 5 )*  These r e s u l t s  r e f l e c t  th e  
a b i l i t y  o f  th e  p r o p lo n y lo x y  r a d ic a l  t o  d e c a r b o x y la te  more r e a d i ly  than  
th e  a c e to x y  r a d ic a l .
I t  I s  p o s s ib le  th a t  b eca u se  o f  th e  s i r e  o f  th e  la u r o y lo x y  
r a d ic a l ,  d i f f u s io n  I s  s lo w  r e l a t i v e  t o  th e  a c e to x y  r a d ic a l .  T his ex ­
p la n a t io n  co u ld  accou n t fo r  th e  la c k  o f  v i s c o s i t y  dependence fo r  th e  
r a t e  o f  d eco m p o sitio n  o f  LPO ( i . e . ,  th e  Ml /1 0 - t lm e s  phenomena d i s ­
c u ssed  p r e v io u s ly ) .  However, th e  p ro p r lo n y lo x y  r a d ic a l  I s  sm a lle r  
than  th e  la u r o y lo x y  r a d ic a l ,  more n e a r ly  th e  s i z e  o f  th e  a c e to x y  
r a d ic a l .  I t  i s  d o u b tfu l th a t  th e  r a te  o f  d i f f u s i o n  o f  th e  a c e to x y  
r a d ic a l  d i f f e r s  from th a t  o f  th e  p ro p lo n y lo x y  r a d ic a l .  In a l l  prob­
a b i l i t y ,  a c e t y l  p e r o x id e , LPO, and PPO are  a l l  one-bond I n i t i a t o r s  
and th e  apparent la c k  o f  v i s c o s i t y  dependence o f  LPO and PPO i s  due 
t o  th e  a b i l i t y  o f  th e  la u r o y lo x y  and th e  p ro p lo n y lo x y  r a d ic a l  to  
r e a d i ly  undergo 0 * s c l s s lo n .
I t  I s  a l s o  o f  I n t e r e s t  to  compare th e  b eh a v io r  o f  d ia c y l  
p e r o x id e s  w ith  th e  a n a lo g o u s  p e r e s t e r s  (RC0£ ) 2 and RCOgOt-Bu. We 
have ta b u la te d  d a ta  com paring f  o f  th e  d ia c y l  p e r o x id e  to  th e  t -  
b u ty l  p e r e s t e r  w ith  th e  sam e a lk y l  grou p . In  a l l  c a s e s ,  f  I s  
la r g e r  fo r  th e  p e r e s te r  th a n  fo r  th e  c o rresp o n d in g  d ia c y l  p e ro x id e  
( s e e  T ab le i ) .
As s t a t e d  p r e v io u s ly ,  PPO I s  a p p a re n tly  a  one-bond I n i ­
t i a t o r  w hich  decom poses a t  a r a t e  th a t  I s  in d ep en d en t o f  s o lv e n t
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v i s c o s i t y  due t o  r a p id  d e c a r b o x y la t io n  o f  t h e  a c y lo x y  r a d i c a l .  How- 
e v e r ,  t - b u t y l  p e r p r o p lo n a t e  (BPP) decomposes a t  a  r a t e  which I n c r e a s e s  
w i th  d e c r e a s in g  s o lv e n t  v i s c o s i t y  (The c a l c u l a t e d  v a lu e s  f o r  f  a r e  
g iv e n  in  T a b le  I ) .  T h is  r a i s e s  an o b v io u s  q u e s t i o n .  I f  PPO a p p e a r s  
to  be a  one-bond  I n i t i a t o r  b e c a u se  d e c a r b o x y la t i o n  o f th e  p ro p lo n y lo x y  
r a d i c a l  I s  r a p id  r e l a t i v e  t o  d i f f u s i o n ,  why would a d i f f e r e n t  s i t u a ­
t i o n  e x i s t  i n  th e  d e c o ra p o s i t io n  o f  BPP where p ro p lo n y lo x y  r a d i c a l s  have 
th e  same o p p o r tu n i t y  t o  d e c a r b o x y la te ?  I t  must be r e a l i z e d  t h a t  an 
" a p p a r e n t"  one-bond  i n i t i a t o r  does  n o t n e c e s s a r i l y  have  no i n t e r n a l  
r e t u r n  ( i . e . ,  M a r t in 23 has  o b t a in e d  an f ^  v a lu e  f o r  PPO o f  0 .0 9  u s in g  
0 -1 8  s c r a m b l in g ) ;  b u t  th e  amount o f  I n t e r n a l  r e t u r n  must be in d e p e n d e n t  
o f s o lv e n t  v i s c o s i t y .  S t a t i s t i c a l l y ,  t h e r e  i s  tw ic e  th e  chance  f o r  
d e c a r b o x y la t io n  In  th e  d e c o m p o s it io n  o f  PPO as  t h e r e  i s  in  th e  c a s e  
o f BPP. The ^ - s c i s s i o n  o f  t - b u to x y  r a d i c a l s  c a n  p ro b a b ly  be n e g le c t e d  
r e l a t i v e  t o  d e c a r b o x y la t i o n  b ecau se  o f  th e  much h ig h e r  e n e rg y  o f  a c t i ­
v a t i o n  ( s e e  T a b le  V I l ) . A l t e r n a t i v e  e x p l a n a t i o n s  f o r  th e  d i f f e r e n c e  
in  b e h a v io r  o f  PPO and BPP a r e  a  more f a v o r a b l e  AS* f o r  re c o m b in a t io n  
o r  a low er e n e rg y  o f a c t i v a t i o n  f o r  r e c o m b in a t io n  In  th e  c a s e  o f  BPP.
A co m p ariso n  o f  a c e t y l  p e r o x id e  w i th  t - b u t y l  p e r a c e t a t e
shows t h a t  b o th  I n i t i a t o r s  decompose a t  r a t e s  w hich a r e  s e n s i t i v e  to
s o lv e n t  v i s c o s i t y .  However, f^  I s  l a r g e r  f o r  th e  p e r e B te r  i n d i c a t i n g
more cage r e t u r n .  I t  sh o u ld  be  n o te d  t h a t  v a lu e s  o f  f  a r e  g iv e n  a t
60° ( 0 . 5 I*) and 80° ( 0 ,2 8 )*  f o r  a c e t y l  p e r o x id e .  The v a lu e s  o f  f^  a t
100°  sh o u ld  be l e a s  th a n  0 .2 8  ( f  In  a l l  c a s e s  o b se rv e d  so  f a r  d e c r e a s e sr
*These v a lu e s  o f  f^  w ere c a l c u l a t e d  u s in g  e q .  ( 3 ) w here or “  Q . 5 .
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w ith  an in c r e a s e  In  te m p e ra tu re ) .  The v a lu e  of f  fo r  t - b u t y l  p e r -
*a c e t a t e  a t  100u Is 0 . 3 I .  The argument f o r  an in c re a se d  va lue  o f  f^  
fo r  th e  p e r e s t e r  i s  th e  same as fo r  th e  BPP-PPO system . I t  i s  not 
s u r p r i s i n g  t h a t  f^  i s  l a r g e r  f o r  t - b u t y l  p e r a c e ta t e  th a n  t - b u t y l  p e r -  
p ro p lo n a te  s in c e  th e  p rop lony loxy  r a d i c a l  can d ec a rb o x y la te  more 
r e a d i ly  than  the  ace toxy  r a d i c a l  ( se e  Table V l l ) .
In a  comparison of th e  b eh av io r  of d la c y l  p e ro x id es  and th e  
analogous p e r e s t e r s , i t  i s  o f  i n t e r e s t  to  c o n s id e r  BPO and t - b u t y l  
p e rb en zo a te  (BPB). BPO, a l th o u g h  a one-bond i n i t i a t o r ,  undergoes very 
l i t t l e  i f  any cage r e tu r n  (see  Table I I I ) .  The r a t e  o f  decom position  
of BPB has been found to  d e c rease  w ith  in c r e a s in g  s o lv e n t  v i s c o s i t y  
(se e  Table V) in a lk an es  a t  I I 50 which a g rees  q u a l i t a t i v e l y  w ith  
K o en ig 's  o b s e rv a t io n s 0^ a t  I 5O0 u s ing  a lk a n e s  and hexane th ickened  
w ith  p a r a f f i n  o i l .  F ig u re  1 shows t h a t  i f  th e  d a ta  from Table V a re  
p lo t t e d  [ (T|/ Av ) 0 - s  ver3u8 ( l / k Q) ] ,  a good l i n e a r  c o r r e l a t i o n  i s  ob­
t a in e d .  Values of f  a re  c a l c u la te d  in  th e  u su a l  manner and a rer
g iven  in  Table  V.
Our s tu d i e s  i l l u s t r a t e  t h a t  In  a  comparison o f f^  fo r  BPO and 
BPB, th e  p e r e s t e r  has a h ig h e r  va lue  o f  f ^ .  However, th e  r a t i o n a l i ­
z a t io n  in  t h i s  case  must be d i f f e r e n t  from th e  o th e r  p e r e s t e r - d l a c y l  
p e ro x id e  systems t h a t  we have d i s c u s s e d .  The energy o f  a c t i v a t i o n  
fo r  j8- s c i s s i o n  fo r  the  benzoyloxy r a d i c a l  I s  g r e a t e r  th a n  fo r  the  t -  
butoxy r a d i c a l  (see  Table  V l l ) .  T h e re fo re ,  i f  th e  s t a b i l i t y  o f  th e  
caged r a d i c a l s  was the  on ly  c o n s id e r a t io n ,  BPO should  have a  h ig h e r
These v a lu es  of f r  were c a lc u la te d  u s in g  eq . ( 5 ) where a “ 0 . 5 .
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v a lu e  o f  f  th a n  BPB. P o s s i b l e  r e a s o n s  f o r  th e  sm a ll  amount o f  cage 
r e t u r n  f o r  ben zo y lo x y  r a d i c a l s  In  t h e  d e c o m p o s it io n  o f  BPO have been  
d i s c u s s e d  p r e v i o u s l y  i n  t h i s  D i s s e r t a t i o n .
D. CAGE STUDIES OF DIACYL PEROXIDES
In  many c a s e s  th e  number o f  bonds t h a t  b re a k  in  th e  decom­
p o s i t i o n  o f  d l a c y l  p e r o x id e s  I s  n o t known. DeTar and Lamb29 have 
s tu d i e d  th e  d e c o m p o s it io n  o f  6 - p h e n y l v a l e r y l  p e ro x id e  and co n c lu d e  
t h a t  a t  l e a s t  2 5 % o f  t h e  d e c o m p o s it io n  i s  by a  s im u l ta n e o u s  th re e -b o n d  
c le a v a g e ,  b u t  t h i *  i s  accom panied by some two-bond o r  p e rh ap s
one-bond  c l e a v a g e .
Szw arc30 has  s u g g e s te d  t h a t  th e  f o rm a t io n  o f  p r o p io n ic  a c id  
and e th y le n e  from th e  d e c o m p o s it io n  o f  p r o p lo n y l  p e ro x id e  i s  formed by 
th s  c o n c e r te d  n o n - r a d i c a l  mechanism shown below :
0
»l
^ u I -* CsHsCOaH +  C0 £  +  CgH4 ( 6 )
C e H5 - q ,  He
' ' Y t r
G o l d s t e i n 4 has  r e c e n t l y  d i s c u s s e d  th e  p o s s i b i l i t y  o f  c o n c e r t e d  non- 
r a d i c a l  d e c o m p o s i t io n  o f  d i a c y l  p e r o x i d e s .
T here  i s  e v id e n c e  f o r  f o rm a t io n  o f  e th a n e  In  th e  decom posi­
t i o n  o f  azom ethane in  t h e  gas p h ase  by a n o n - r a d l e a l  f o u r - c e n t e r  
m echan ism .31 I f  t h i s  c a n  o c c u r  in  t h e  gas p h a s e ,  i t  seems f e a s i b l e  
t h a t  th e  c o n c e r t e d  mechanism shown i n  e q .  (1*) can  o c c u r .  L e f o r t ,
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T em pler ,  and S o r b a 10 u se  a  s i m i l a r  a rgum ent t o  e x p l a i n  th e  f o rm a t io n  
o f  l a u r i c  a c id  and 1 -u ndecene  as  d e c o m p o s it io n  p ro d u c ts  o f  l a u r o y l  
p e ro x id e  o v e r  a  wide te m p e ra tu re  r a n g e ;  th ey  have d i s c u s s e d  th e  p r o ­
d u c ts  In  te rm s  o f  cage  r e a c t i o n s .  They a l s o  s tu d i e d  d ecan o y l and 
o c ta n o y l  p e r o x i d e s .  These p e r o x id e s  have  s i m i l a r  r a t e s  o f  decom posi­
t i o n  and p ro d u c t  d i s t r i b u t i o n .  I f  th e  p e r o x id e  I s  d e n o te d  as 
R-CO-O-O-CO-R, t h e  amount o f  R-R, which I s  formed m o s t ly  i n  th e  c a g e ,
it
I n c r e a s e s  w i th  t e m p e r a tu re  ( fro m  25% a t  5O0 , t o  50$ a t  2570 )* The 
amount o f  RH (a  non-cag e  p r o d u c t )  and a c id  d e c r e a s e  w i th  t e m p e r a tu r e ,  
w hereas  th e  f o rm a t io n  o f  e s t e r  I s  In d e p e n d e n t  o f  t e m p e r a tu r e .  G u i l l e t  
and G i lm e r19 p o i n t  o u t  t h a t  t h e  y i e l d  o f  cage p r o d u c ts  i n  l a u r o y l  
p e ro x id e  I s  l a r g e r  th a n  In  th e  c a s e  o f  a c e t y l  p e r o x id e .  They e x p la in  
t h i s  in  te rm s  o f  a  s lo w e r  " s e p a r a t i o n  v e l o c i t y "  f o r  th e  l a r g e r  l a u r o y l ­
oxy r a d i c a l s .  However, th e y  a p p a r e n t l y  f a l l  t o  t a k e  i n t o  c o n s i d e r a t i o n  
th e  f a c t  t h a t  d i f f e r e n t  s o lv e n t s  were used  in  th e  s t u d i e s  o f  LPO and 
a c e t y l  p e r o x id e .  A l l  o f  th e  p ro d u c t  s t u d i e s  on LPO d e c o m p o s it io n  were 
c a r r i e d  o u t  In  P r im o l  0 ,  a  c o m p le te ly  s a t u r a t e d ,  b ran ch ed  h y d ro ca rb o n  
w ith  a v i s c o s i t y  o f  U8.0 c p .  a t  6 0 ° ,  w hereas  th e  p ro d u c t  s t u d i e s  f o r  
t h e  d e c o m p o s i t io n  o f  a c e t y l  p e ro x id e  were c a r r i e d  o u t  in  n - a l k a n e s .
F or a c e t y l  p e r o x id e ,  t h e  amount o f  cage p ro d u c t  was found t o  i n c r e a s e  
w i th  th e  v i s c o s i t y  o f  th e  s o l v e n t ;  f o r  ex am p le ,  a t  6 0 ° ,  t h e  y i e l d  o f  
e th a n e  i n c r e a s e s  from 0 .0 3 ^  in  hexane (T| * O. 2 5  c p . )  t o  0 .1 0 0  i n  o c t a ­
decane  (T) ■ 2 .0 7  c p - )  and th e  y i e l d  o f  m e thy l a c e t a t e  i n c r e a s e s  from
0 . 1 3  t o  0 . 2 7  In  th e  same s o l v e n t s . 30
#
Mole p e r  mole o f  p e r o x id e .
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M a rt in  and Dombchik23 have used  d o u b le  l a b e l i n g  e x p e r im e n ts  
on a c e t y l  p e ro x id e  d e c o m p o s i t io n  t o  r u l e  o u t  th e  c y c l i c  a n a lo g  o f  t h e  
Cope r e a r ra n g e m e n t  a s  a mechanism f o r  t h e  s c ra m b l in g  o f  l a b e l .  T a y lo r  
and M a r t i n , 1-^  u s in g  t r a c e r  s t u d i e s ,  a l s o  have  r u l e d  o u t  th e  n o n - r a d i c a l  
c y c l i c  mechanism f o r  th e  f o rm a t io n  o f  m e th y l  a c e t a t e .  However, a c e t y l  
p e ro x id e  does n o t  have  0 - h y d r o g e n s , and t h i s  does n o t e x c lu d e  th e  p o s ­
s i b i l i t y  t h a t  c y c l i c  mechanisms a r e  Im p o r ta n t  i n  th e  d e c o m p o s it io n  of 
o t h e r  d i a c y l  p e r o x i d e s ,  such as  LPO, where th e  p r o d u c ts  a r e  a c id  and 
o l e f i n .
E. DIALKYL PEROXIDES
The d i a l k y l  p e r o x id e s  a r e  a c l a s s  o f  i n i t i a t o r s  t h a t  c e r t a i n l y  
m ust decompose by a one-bond  m echanism . We have found t h a t  th e  r a t e  o f  
h o m o ly s ls  o f  b o th  TOOT and d i - n - b u t y l  p e ro x id e  (DOOM) i s  d ep en d en t  on 
th e  v i s c o s i t y  o f  th e  s o lv e n t  ( s e e  T a b le s  V I I I  and IX ) .
1. t - B u t y l  P e ro x id e  (TOOT)
TOOT i s  an  e x c e l l e n t  I n i t i a t o r  t o  u se  a s  a  t e s t  f o r  th e  quan­
t i t a t i v e  a p p l i c a b i l i t y  o f  e q .  ( 3 ) f o r  s e v e r a l  r e a s o n s .  F i r s t ,  t h e r e  
i s  no o t h e r  way t o  d i r e c t l y  d e te rm in e  t h e  v a lu e  o f  f ^ .  S econd , t h e  
ch e m ic a l  n a t u r e  o f  TOOT d i c t a t e s  t h a t  o n ly  one bond i s  b ro k en  in  homo- 
l y s i s .  T h i r d ,  o u r  p ro d u c t  s t u d i e s  i n d i c a t e  t h a t  t h e r e  a r e  no 0 -  
s c l s s l o n  p r o c e s s e s  o c c u r ln g  which can  com pete w i th  cage  r e t u r n .  The 
0 - s c l s s i o n  o f  t - b u to x y  r a d i c a l s  (TO*) would p ro d u ce  a c e to n e  and In  th e  
th e r m o ly s i s  o f  TOOT i n  a lk a n e s  th e  y i e l d  o f  a c e to n e  i s  l e s s  th a n  3^
( s e e  T a b le  X ) .
TABLE V I I I
RATE OF DECOMPOSITION OF TOOT* IN ALKANE SOLVENTS 
AND THE CALCULATED VALUE OF f  WHERE or * 0 . 5
SOLVENT T°C 107k ( s e c “ 2) f r
Hexane 80 0.161* 0 . 2 6
H eptane 80 0.11*1* 0 .2 9
O ctane 80 0.11*8 O . 3 2
Nonane 80 0 . 1 5 6 O . 3 6
Decane 80 0 .1 5 9 0 .5 9
Dodecane 80 0 . 1 2 9 0 . 1*1*
T e tr a d e c a n e 80 0 .1 1 2 0 .  1*6
Hexadecane 80 0 .1 0 7 0 .5 5
O ctane 100 6 ,0 1 0 . 2 9
Nonane 100 5 .7 9 0 .3 3
Decane 100 5.1*0 0 .3 6
Dodecane 100 5.03 0 . 1*1
T e tra d e c a n e 100 U.78 0.1*5
H exadecane 100 1*.1+1 0 . 1*8
N u jo l 100 2 . 8 5 0 . 6 6
Hexane 110 2 1 .7 0 . 1 3
H eptane 110 2 1 .9 0 . 11*
I s o o c t a n e 110 2 1 .9 0 .1 6
Nonane 110 2 0 .1 0 .1 8
Decane 110 20 .1 0 .2 0
Dodecane 110 1 8 .7 0.21*
T e tr a d e c a n e 110 1 8 .2 0 .2 7
H exadecane 110 1 8 .2 O .3O
N u jo l 110 1 2 .9 0.1*9
Hexane 120 6 9 .5 0 .1 1
H eptane 120 6 9 . 8 0 . 1 3
I s o o c ta n e 120 7 0 .9 0 . 11*
lj>k
TABLE V III  (C o n tin u ed )
S o lv en t T°C I 0 7k (se c *  a ) *r
Nonane 120 66.  b 0 . 1 6
Decane 120 6 5 . 2 0 .1 8
Dodecane 120 6 2 . 6 0 . 2 1
T e tra d e c a n e 120 6 1 .1 0 . 2 L
Hexadecane 120 58 .7 0 . 2 6
N ujol 120 U7 .0 0 . 1*1
Heptane 130 2 6 2 . 0 .0 9
Nonane 130 25^* ( 2 3 0 . ) 0 . 1 1
Decane 130 2b8. 0 . 1 3
Dodecane 130 2 bb.  ( 21*6 . )
T e tra d e c a n e 130 2 5 8 . ( 2 1 b . ) 0 . 1 7
Hexadecane 130 2 3 3 . 0 . 1 9
N ujo l 130 166. 0 .  b2
a .  The r a t e  c o n s ta n t s  a t  30° were d e te rm in e d  u s in g  th e  e x cess  I n i ­
t i a t o r  t e c h n iq u e ,  th o se  in  p a r e n th e s e s  by u s in g  t h e  e x c e s s  s c a ­
venger  t e c h n iq u e ,  and a l l  o th e r  r a t e  c o n s ta n t s  were de te rm in ed  by 
fo l lo w in g  th e  d is a p p e a ra n c e  o f  TOOT d i r e c t l y  by IR.
b .  The v i s c o s i t y  p a ra m e te rs  o f  N u jo l  were no t used to  d e te rm in e  th e
v a lu e  o f  k i  In  eq . ( 5 ) .
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TABLE IX
THERMAL DECOMPOSITION OF NOON* AT 90° AND CALCULATED VALUES
OF f r  WHERE a  » 0 . 5
SOLVENT l O ^ f s e c " f r
H eptane 2 .0 h 0 . 7 3
O ctane 1 . 5 8 0 , 7 9
Decane 1 . ^ 3 0 . 8 1
Dodecane 1 . 1 7 0 .8 L
T e tr a d e c a n e 0 . 9 5 9 0 . 8 7
Hexadecane 0 ,8 8 0 0 .8 8
a .  The r a t e  c o n s t a n t s  were d e te rm in e d  by u s in g  th e  e x c e s s  i n i t i a t o r  
t e c h n i q u e .
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TABLE X
PRODUCT STUDIES FOR THE DECOMPOSITION OF TOOT AT I 30°
S o lv en t i o s ( t o o t ) 0 $  (T0H)a
. a <jb A cetone
Benzene 1 0 . 1U 2 3 .3 7 6 .0
I so o c ta n e 9.kU 9 8 .9 - -
Octane 7 . 8 2 9 6 . 8 2-5
Dodecane 9 .^ 5 9 3 .0 2 .k
T e tra d e c a n e 9-51 9 5 .8 2 . 0
Hexadecane 10 ,66 93-9 2 .3
a .  Baaed on two moles o f  p ro d u c t  p e r  mole o f  TOOT.
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We h av e  c a r r i e d  o u t  e x t e n s i v e  s t u d i e s  on TOOT, f o l lo w in g
t h e  r a t e  o f  d e c o m p o s i t io n  b o th  d i r e c t l y  and by t h e  u se  o f  s c a v e n g e r
t e c h n i q u e s .  TOOT I s  a  r e l a t i v e l y  s t a b l e  p e r o x id e  ( t h e  h a l f - l i f e  a t  
I 5O0  i s  6 . 8  h r . ) .  H ence , t h e r m o l y s i s  s t u d i e s  a t  low t e m p e r a t u r e s  a r e  
n o t  f e a s i b l e  b e c a u s e  o f  t h e  t im e  t h a t  would b e  r e q u i r e d  t o  c a r r y  o u t  
k i n e t i c  n in B . The s i m p l e s t  and  m ost e f f e c t i v e  m ethod t h a t  we have 
fo u n d  f o r  f o l l o w i n g  th e  d e c o m p o s i t io n  o f  TOOT i s  by d i r e c t l y  f o l l o w in g  
i t s  d i s a p p e a r a n c e  u s in g  IR. T h e re  l a  a  s t r o n g  s h a r p  peak  a t  8 7 8  cm” 1 
w hich  c a n  r e a d i l y  be m o n i to r e d .  The o t h e r  m ethods  t h a t  we h a v e  em­
p lo y e d  a r e  t h e  e x c e s s  s c a v e n g e r  t e c h n i q u e  and t h e  e x c e s s  i n i t i a t o r  
m ethod ( f o r  a  d i s c u s s i o n  o f  t h e s e  t e c h n i q u e s ,  3ee th e  E x p e r im e n ta l  S e c ­
t i o n ) .  The e x c e s s  i n i t i a t o r  t e c h n i q u e  I s  u s e f u l  a t  low er  t e m p e r a tu r e s  
s i n c e  I t  i s  n o t  n e c e s s a r y  t o  f o l l o w  t h e  r e a c t i o n  t o  c o m p le t io n .  Of 
t h e  s c a v e n g e r s  t h a t  we h av e  u s e d  (DPPH , g a i v i n o x y l ,  and  I £ ) , we h av e  
h ad  t h e  m ost s u c c e s s  w i th  1q . I n  f a c t ,  I a  i s  t h e  o n ly  s c a v e n g e r  t h a t
I s  s t a b l e  a t  h ig h  t e m p e r a t u r e s  ( >  100°)  f o r  t h e  t im e  r e q u i r e d  t o  c a r r y
o u t  o u r  r e a c t i o n s .  G a iv in o x y l  c a n  be u sed  a t  t e m p e r a t u r e s  lo w e r  th a n  
80° ,  b u t  I t  f a d e s  r a p i d l y  in  a l k a n e  s o l v e n t s  a t  h i g h e r  t e m p e r a t u r e s .
A p p a r e n t ly  o t h e r  c a g e  p r o c e s s e s  ( s u c h  a s  t h e  f o r m a t io n  o f  
t - b u t y l  m e th y l  e t h e r )  a r e  u n im p o r ta n t  f o r  t h e  d e c o m p o s i t io n  o f  TOOT 
i n  a l k a n e s .  We h av e  c a r r i e d  o u t  p r o d u c t  s t u d i e s  f o r  t h e  d e c o m p o s i t io n  
o f  TOOT i n  a l k a n e s  an d  found  t h a t  t - b u t y l  a l c o h o l  (TOH) I s fo rm ed i n  
a lm o s t  q u a n t i t a t i v e  y i e l d  ( s e e  T a b le  X ) . We w ere  u n a b le  t o  d e t e c t  t h e
*
1 , 1 - D i p h e n y 1 - 2 - p l c r y l h y d r a z l n e .
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p re s e n c e  o f  t - b u t y l  m e th y l  e t h e r  by GC. ( C o n c e n t r a t io n s  a s  low as  
3 x 10“5 M c o u ld  have been  d e t e c t e d . )
I t  I s  o f  I n t e r e s t  t o  o b s e rv e  th e  n a t u r e  o f  TO* u n d er  o t h e r  
c o n d i t i o n s .  I n  t h e  gas p h a s e , o r  In  an  I n e r t  s o l v e n t ,  TO* can  r e a d i l y  
decompose to  p ro d u ce  a c e to n e  and m e th y l  r a d i c a l s ,  w i th  th e  su b se q u e n t  
c o m b in a t io n  o f  m e th y l  r a d i c a l s  In  g as  p h ase  t o  p ro d u ce  e t h a n e . 32 Of 
c o u r s e ,  In  s o l u t i o n ,  TO* has  th e  o p p o r tu n i t y  t o  r e a c t  w i th  th e  s o l ­
v e n t ,  n o rm a lly  by t h e  a b s t r a c t i o n  o f  h y d rogen  a to m s. The /9 - s c i s s i o n  
o f  TO* I s  a r a d i c a l  d e c o m p o s i t io n  w hich m igh t be e x p e c te d  t o  have a  
r a t e  c o n s ta n t  w hich shows l i t t l e  s o lv e n t  d ep en d en ce .  A co m p ar iso n  of 
th e  TOH/acetone r a t i o  In  d i f f e r e n t  s o l v e n t s ,  t h e r e f o r e ,  p e r m i t s  th e  
r e a c t i v i t y  o f  s o lv e n t  tow ard  TO* t o  be e v a l u a t e d .  At 123° t h e  r a t i o  
I n  t - b u t y l  benzene  I s  0 . 6 ;  In  cumene, U . l ;  and t r l - b u t y l a m l n e , 1 9 - 33 
The TO H /acetone r a t i o  t h a t  we have o b se rv e d  In  a lk a n e s  a t  
130° I s  somewhat l a r g e r  ( > 3 0 ) .  L e t us c o n s id e r  t h e  TOH/acetone r a t i o  
i n  a lk a n e s  and In  cumene. Cumene h a s  a  t e r t i a r y  b e n z y i l c  hyd ro g en  
w hich  sh o u ld  be q u i t e  a b s t r a c t a b l e .  However, th e  " r e a c t i v e "  hydrogen  
r e p r e s e n t s  o n ly  a  s m a l l  f r a c t i o n  o f  t h e  s u r f a c e  a r e a  o f  th e  cumene 
m o le c u le .  T h e r e f o r e ,  we m igh t assume t h a t  o n ly  a sm a l l  f r a c t i o n  o f  
t h e  c o l l i s i o n s  be tw een  TO* and cumene would r e s u l t  In  th e  a b s t r a c t i o n  
o f  a  b e n z y i l c  h y d ro g en .  B ecause o f  t h e  n a t u r e  o f  t h e  s u r f a c e  o f  a l k a n e s ,  
e v e ry  c o l l i s i o n  be tw een  TO* and t h e  cage  w a l l  In  a lk a n e  s o lv e n t  c o u ld  
c o n c e iv a b ly  r e s u l t  In  t h e  a b s t r a c t i o n  o f  a  h y d ro g en  atom .
As s t a t e d  p r e v i o u s l y ,  c a l c u l a t i o n s  o f  f ^  have  b een  made u s in g  
th e  a r b i t r a r y  v a lu e  o f  a  m 0 . 3 . F o r  c o n s i s t e n c y  we have u sed  a  ■ 0 . 5
f o r  th e  c a l c u l a t i o n s  o f  f  f o r  TOOT. However, i t  I s  p o s s i b l e  t h a t  t h e r er
li+o
I s  a  b e t t e r  v a lu e  o f  or f o r  t h i s  sy s te m . Our v a lu e s  o f  f  , c a l c u l a t e d
u s in g  or ”  0 . 5 ,  d i f f e r  somewhat from  v a lu e s  o f  f ^  c a l c u l a t e d  u s in g
o t h e r  t e c h n i q u e s . ^  We have u se d  a com pu ter  program  t o  v a ry  th e  v a lu e
o f  a  from 0 .1  t o  1 .1  a t  0 .1  I n t e r v a l s .  The v a lu e s  o f  f  o b ta in e dr
from t h e s e  c a l c u l a t i o n s  a lo n g  w i th  th e  c o r r e s p o n d in g  c o r r e l a t i o n  co­
e f f i c i e n t  f o r  th e  l e a s t  s q u a re s  a n a l y s i s  o f  a  s t r a i g h t  l i n e  i s  g iv e n  
In  T a b le  X I. I t  can  be r e a d i l y  s e e n  t h a t  f  I s  q u i t e  s e n s i t i v e  t o  t h e  
v a lu e s  o f  or.
I t  I s  o f  i n t e r e s t  t o  compare and c o n t r a s t  o u r  v a lu e s  o f  f ^
w i th  v a lu e s  o b ta in e d  by a  d i f f e r e n t  m ethod. T r a y lo r  h as  r e c e n t l y  c a l -
*
c u l a t e d  v a lu e s  o f  f ^  w hich a r e  c o n s id e r a b l y  low er th a n  o u r s .  However, 
b e f o r e  a  co m p ar iso n  I s  made be tw een  t h e  two s e t s  o f  d a t a ,  d i f f e r e n c e s  
i n  o u r  two p ro c e d u re s  must be d i s c u s s e d .
T r a y l o r 1** m easured  th e  amount o f  TOOT formed a s  a  cag e  p ro d u c t  
i n  th e  th e r m o ly s i s  o f  d l - t - b u t y l h y p o n l t r i t e  (DBH) and d i - t - b u t y l p e r o x y -  
o x a l a t e  (DBPO). The amount o f  TOOT formed from  b o th  i n i t i a t o r s  i s
0 0  
M I I
t-B uO -N ^l-O B u-t t-BuO-O-C-C-Ot-Bu
DBH DBFO
fo u n d  t o  d e c r e a s e  w i th  d e c r e a s in g  s o lv e n t  v i s c o s i t y ,  r e a c h in g  th e  same
T r a y l o r ' s  v a lu e  f o r  f f  a t  1*5° i s o o c t a n e  i s  0 .1 2 ,  Our v a lu e s  u s in g
of ■ 0 . 5  In  l s o o c t a n e  a r e :  0 , 1 6  ( 110° ) ,  0 . 1U ( 120° ) ;  i n  o c ta n e :  0 . 3 2
( 80° ) ,  0 . 2 9  ( 100° ) ,  0 . 1 0  ( 130° ) .
TABLE XI
DEPENDENCE OF f  ON THE VALUE OF a  FOR




(H e x a d e c a n e )
f r Ra
0 . 2 80 0 .9 5 0 .9 7 0.971+8
0 . 3 80 O. 5 6 0 .7 1 0 .9 5 3 ^
0 . 1+ 80 O. 3 6 0 .5 9 0 .9 5 8 1
0 . 3 80 O . 2 5 0 .5 5 0 .9 6 1 7
0 . 6 80 0 .1 8 0.1*7 0.961+5
0 . 7 80 0 ,1 3 0 . 1+1+ 0 . 9 6 6 2
0 . 8 80 0 . 1 0 0 . 1+2 0 .9 6 7 l b
0 . 9 80 o . i i 0 . 1*0 0 .9 6 7 0
1 . 0 80 0 . 0 6 O .3 8 0 . 9 6 6 3
1 .1 80 O.OL 0 .3 7 0 . 961+7
0 . 2 100 0 . 9 6 0 -9 7 0 .9 9 3 9
0 . 3 100 0 . 5 9 0 .6 9 0 . 991+8
o. l . 100 0 . 1*0 O . 5 6 0 . 9 9 5 3
0 .5 100 0 . 2 9 0.1+7 0.995^b
0 . 6 100 0 . 2 2 0 . 1+2 0 .9 9 5 1
0 . 7 100 0 .1 7 O . 3 8 0 . 9 9 ^
0 . 8 100 0 . 1 3 0 . 3 6 0 .9 9 3 3
0 .9 100 0.  11 O .33 0 .9 9 1 9
1 . 0 100 0 . 0 9 0 . 3 2 0 . 9 9 0 2
l . l 100 0 . 0 7 O .3O 0 . 9 8 8 2
0 . 2 110 0 . 1*5 O. 5 6 0 . 9 6 2  l+b
0 .3 110 0 . 2 6 0 . 1+1 0 .9 6 2 1
O.L n o 0 . 1 7 0 . 3 3 0 . 9 6 0 8
0 .5 110 0 . 1 2 0 . 2 9 0 . 9 5 8 5
0 . 6 110 0 . 0 9 0 . 2 6 0 .9 5 5 3
0 . 7 110 0 .0 6 0.21+ 0 .9 5 1 3
11+1






0 , 8 110 0 . 0 5 0 . 2 2 O.9I+65
0 .9 110 0 . 0 3 0 . 2 1 0.91+10
1 .0 110 0 . 0 3 0 . 2 0 o.93*+9
1 .1 110 0 . 0 2 0 . 2 0 0 . 9 2 8 3
0 . 2 120 0 .3 9 0 . 3 0 0 . 9 6 6 3
0 . 3 120 0 . 2 3 O .36 0 . 9 7 0 0
0.1* 120 0 . 1 5 0 . 3 0 0 . 9 7 2 8
0 .5 120 0 . 1 1 0 . 2 6 0.971+7
0 . 6 120 0 .0 8 0 . 2 3 0 .9757
0 . 7 120 0 .0 6 0 .2 2 0 . 9758b
0 . 8 120 o .o u 0 .20 0.9753
0 . 9 120 0 . 0 3 0 .1 9 0.971*0
l . o 120 0 . 0 3 0 .1 9 0.9721
l . l 120 0 .0 2 0 .1 8 0 .9697
0 . 2 130 0 . 2 9 0 .3 7 0 . 9975b
0 . 3 130 0 .1 8 0 .2 6 O.998U
0.1* 130 0 .1 2 0 .21 0 .9976
0 . 5 130 0 . 0 8 0 .1 8 O.996I+
0 . 6 130 0 .0 6 0 .1 6 O.99I+8
0 . 7 130 0 . 0 5 0 . 1 5 0.9927
0 . 8 130 0.01+ 0.11+ 0 . 9 9 0 2
0 . 9 130 0 .0 2 0 .1 2 0 . 9871+
1.0 130 0 .0 2 0 .1 2 O.98I+2
1 .1 130 0 .0 2 0 .1 2 0 .9807
a .  R i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  l e a s t  s q u a re s  a n a l y s i s
f o r  a  s t r a i g h t  l i n e  ( s e e  e q .  3 ) f ° r  * p a r t i c u l a r  v a lu e  o f  or i n  a  
s e r i e s  o f  a lk a n e  s o l v e n t s .  The v a r i a n c e  o f  f r  1? g iv e n  f o r  th e
most v i s c o u s  and l e a s t  v i s c o u s  s o lv e n t s  i n  t h a t  s e r i e s .
b .  T h is  v a lu e  f o r  R i s  t h e  maximum v a lu e  w i t h i n  t h a t  a e r i e s  ( i . e . .
t h e  c o r r e s p o n d in g  v a lu e  f o r  or g iv e s  t h e  b e s t  s t r a i g h t  l i n e  f o r  
e q .  3)  f o r  a  g iv e n  te m p e r a tu r e .
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lower l i m i t  In  p e n ta n e .  T h e re f o re ,  T ra y lo r  has assumed t h a t  p e n ta n e  
has an e f f e c t i v e  v i s c o s i t y  o f  z e r o .  In  o r d e r  to  c a l c u l a t e  f^  f o r  th e  
hom olysls  o f  TOOT, T r a y lo r  has f u r t h e r  assumed t h a t  th e  same f r a c t i o n  
o f  t -b u to x y  r a d i c a l s  would combine to  form TOOT a t  z e ro  v i s c o s i t y  f o r  
a l l  t h r e e  i n i t i a t o r s ,  r e g a r d l e s s  o f  th e  number o f  m o lecu le s  which 
s e p a r a t e  th e  gem inate  p a i r . ^
TOOT -* [TO* *0T] (9 )
TO-N-N-OT -» [TO* N£ -0T] (10)
0 0
TO-O-C-C-O-OT -» [TO* 2CO£ *OT] (11)
In  o r d e r  f o r  T r a y lo r  to  compare th e  v a lu e s  o f  f f  f o r  DBPO,
DBH, and TOOT a t  th e  same te m p e ra tu re  (1+5°), he was fo rc e d  to  s tu d y  
th e  d eco m p o s it io n  o f  TOOT by p h o t o l y s i s .  (The h a l f - l i f e  o f  TOOT a t  
1+3° I s  o v e r  te n  y e a r s . )  T ra y lo r  h as  assumed t h a t  t - b u to x y  r a d i c a l s  
g e n e ra te d  from p h o to ly s i s  and th e r m o ly s i s  behave s i m i l a r l y ,  and he has 
j u s t i f i e d  t h i s  a ssum ption  by s tu d i e s  o f  th e  amounts o f  cage  p ro d u c ts  
o b ta in e d  from th e  p h o to ly s i s  and th e rm o ly s is  o f  DBH. However, s in c e
*
The m easured v a lu e s  o f  DBH and DBPO In  p en tan e  a r e  O.O37 and O.O39,  
r e s p e c t i v e l y .  The assumed v a lu e  f o r  TOOT I s  0.01+.
^M olecu la r  models show t h a t  In  c e r t a i n  c o n f i g u r a t i o n s ,  th e  d i s t a n c e  
betw een th e  t - b u to x y  groups i s  a c t u a l l y  l e s s  In  DBPO th a n  in  DBH. I t
i s  t h e r e f o r e  no t s u r p r i s i n g  t h a t  In  s o lv e n t s  o f  low v i s c o s i t y ,  th e
same v a lu e  f o r  f f  m ight be o b ta in e d  f o r  th e s e  two I n i t i a t o r s .  However, 
t h e r e  I s  no I n te r v e n in g  m o lecu le  In  TOOT, and I t  i s  c o n c e iv a b le  t h a t  
a p p r e c i a b l e  i n t e r n a l  r e t u r n  m ight o c c u r  becau se  o f  th e  p ro x im ity  o f  
th e  t - b u to x y  r a d i c a l s .
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DBH p ro b a b ly  decomposes from Che s i n g l e t  s t a t e  In  b o th  I t s  th e rm a l  
and p h o t o l y t l c  d e c o m p o s i t io n , 3 4  I t  would n o t  seem s u r p r i s i n g  t h a t  th e  
same amounts o f  cag e  p r o d u c ts  would be o b ta in e d  from  th e  two p r o c e s s e s  
f o r  t h i s  i n i t i a t o r .  U n f o r t u n a t e l y ,  t h e r e  seems t o  be no d i s c u s s i o n  
in  t h e  l i t e r a t u r e  c o n c e rn in g  w h e th e r  p h o t o l y t l c  d e c o m p o s i t io n  o f  TOOT 
o c c u rs  f o r  t h e  e x c i t e d  t r i p l e t  o r  s i n g l e t  s t a t e .  There  i s  a t  l e a s t  a  
r e a s o n a b le  p o s s i b i l i t y  t h a t  t h e  e x c i t e d  t r i p l e t  s t a t e  i s  in v o lv e d .  
Because o f  t h e  p r o x im i ty  o f  t h e  t - b u to x y  r a d i c a l s  formed i n  t h e  decom­
p o s i t i o n  o f  TOOT, s p in  c o r r e l a t i o n 3 4  e f f e c t s  a r e  e x p e c te d  and th e  
t r i p l e t  and s i n g l e t  p a i r s  would n o t  be e x p e c te d  t o  have  th e  same b e ­
h a v i o r . 35  I f  p h o t o l y s i s  o f  TOOT o c c u rs  from th e  e x c i t e d  t r i p l e t  s t a t e ,  
th e n  o n ly  a s m a l l  amount o f  cage  r e t u r n  would b e  e x p e c t e d ,  and T r a y l o r ' s  
r e s u l t s  would be e x p l i c a b l e  and c o n s i s t e n t  w i th  o u r s .
T he re  i s  a n o th e r  p o s s i b i l i t y .  I f  t h e  p h o t o l y s i s  o f  DBH o c c u r s  
from an  e x c i t e d  t r i p l e t  s t a t e ,  th e n  T r a y l o r ' s  d a t a  would i n d i c a t e  t h a t  
f o r  DBH s p in  i n v e r s i o n  i s  r a p id  r e l a t i v e  t o  d i f f u s i o n  from th e  cage  
( s i n c e  f f  i s  th e  same f o r  p h o t o l y s i s  and t h e r m o l y s i s ) .  However, in  
DBH th e  t - b u to x y  r a d i c a l s  a r e  s e p a r a t e d  by an  I n t e r v e n i n g  m o l e c u l e , 
w hereas  in  TOOT t h e r e  i s  no i n t e r v e n i n g  m o le c u le  and s p in  c o r r e l a t i o n  
e f f e c t s  m ight be more I m p o r ta n t .
Because o f  th e  la c k  o f  s p e c i f i c  know ledge c o n c e rn in g  th e  
t r a n s i t i o n  s t a t e s  i n  th e rm a l  and p h o t o l y t l c  d e c o m p o s i t io n  o f  TOOT, and 
b e c a u se  o f  t h e  u n c e r t a i n t y  In v o lv e d  i n  c h o o s in g  th e  c o r r e c t  v a lu e  f o r  
of, we f e e l  t h a t  i t  i s  n o t  v a l i d  t o  compare our  v a lu e s  o f  f  w i th  
T r a y l o r 1 a .
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2 .  B u ty l  P e ro x id e  (NOON)
T here  I s  no s h a rp  peak  I n  t h e  IR f o r  w hich t h e  d e c o m p o s it io n  
o f  NOON c a n  r e a d i l y  be m o n i to re d .  T h e re  a r e  a l s o  c o m p l ic a t io n s  i n ­
v o lv e d  In  f o l lo w in g  th e  d i s a p p e a ra n c e  o f  NOON by GC. We h a v e ,  t h e r e ­
f o r e ,  s t u d i e d  t h e  d e c o m p o s i t io n  o f  NOON by u s in g  s c a v e n g e r  t e c h n i q u e s .
We h av e  found t h a t  t h e  r a t e  o f  d e c o m p o s i t io n  o f  NOON, l i k e  TOOT, d e ­
c r e a s e s  w i th  an  i n c r e a s e  In  s o lv e n t  v i s c o s i t y .
Our v i s c o s i t y  s t u d i e s  i n d i c a t e  t h a t  f^  I s  g r e a t e r  f o r  NOON 
t h a n  f o r  TOOT ( s e e  T a b le s  V I I I  and IX) ,  assum ing  t h a t  a  ■ 0 . 5  i n  b o th  
s y s te m s .  T he re  a r e  s e v e r a l  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  o b s e r v a t i o n .  
I t  i s  p o s s i b l e  t h a t  t h e  e n e rg y  o f  a c t i v a t i o n  (E ) f o r  r e c o m b in a t io nA
f o r  TO* i s  g r e a t e r  th a n  f o r  r e c o m b in a t io n  o f  n -b u to x y  r a d i c a l s  (BO*). 
T h is  p o s s i b i l i t y  l a  u n l i k e l y ,  how ever, s in c e  Eft f o r  r e c o m b in a t io n  o f  
a lk o x y  r a d i c a l s  I s  g e n e r a l l y  a c c e p te d  t o  be z e r o .  R a te  c o n s t a n t s  f o r  
t h e  d i m e r l e a t I o n  o f  a lk o x y  r a d i c a l s  i n d i c a t e  t h a t  t h e r e  i s  no s i g n i f i ­
c a n t  dependence  o f  r a t e  c o n s t a n t  on t h e  s i z e  o f  a lk o x y  r a d i c a l s .  The 
r a t e  c o n s t a n t s  f o r  d i m e r l z a t l o n  o f  m ethoxy , n -p ro p o x y ,  and t - b u to x y
a r e  a l l  a b o u t  109 *3 m ole" 1 l i t e r  s e c - 1 . 3 ® I t  I s  a l s o  u n l i k e l y  t h a t  
$
AS f o r  r e c o m b in a t io n  o f  TO* and BO* d i f f e r s  a p p r e c i a b l y .
A n o th e r  f a c t o r  w hich  s h o u ld  b e  c o n s id e r e d  i s  t h e  p o s s i b i l i t y  
t h a t  t h e  r a t e  o f  d i f f u s i o n  o f  BO* l a  more s e n s i t i v e  t o  changes  I n  s o l ­
v e n t  v i s c o s i t y  th a n  l a  t h e  r a t a  o f  d i f f u s i o n  o f  TO* However, we have 
no e v id e n c e  t o  s u b s t a n t i a t e  t h i s  p o s t u l a t i o n .  In  f a c t ,  t h e  r a t e  o f  
d i f f u s i o n  o f  a  s p e c i e s  I s  th o u g h t  t o  be  in d e p e n d e n t  o f  t h e  c h a in  
l e n g th  o f  th e  d i f f u s i n g  p a r t i c l e . 3 7  We h ave  s t a t e d  p r e v i o u s l y  t h a t  
t h e r e  I s  v e ry  l i t t l e  0 - s c i s s i o n  o f  TO* In  t h e  d e c o m p o s i t io n  o f  TOOT In
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a lk a n e s  a t  I 300 ( l e s s  th a n  yfc a c e to n e  i s  fo rm e d ) .  The AH f o r  0 -
s c l s s i o n  o f  TO* 1b +2 k c a l /m o le  ( e q .  1 2 ) .
0
(CH3 ) 3 C0 * -+ CH3 -C-CH3 +  CH3 * ( 1 2 )
I t  i s  t h e r e f o r e  u n l i k e l y  t h a t  th e  £ - s c l s s l o n  o f  BO* would be  Im­
p o r t a n t  s in c e  AH f o r  e q .  (13) I s  +10 k c a l /m o le  and f o r  e q .  (1U) I s  
+22 k c a l / m o l e . 38
CH3 -CH2 -CH3-C H 2-0*  -* CHsO + ch 3 - c h 2- c h 2 * ( 13 )
CHa-CHs-CHs-CHp-O* -> CH3 -CHp-CHp-CHO +  H* ( U )
We have  found no e v id e n c e  f o r  d l s p r o p o r t l o n a t I o n  r e a c t i o n s  
f o r  caged  TO* In  s t u d i e s  o f  th e  d e c o m p o s i t io n  o f  TOOT In  a l k a n e s .  
However, BO* h as  a  h y d ro g en s  and I t  I s  p o s s i b l e  f o r  d l s p r o p o r t i o n a -  
t l o n  to  o c c u r  fo rm ing  b u t y l  a l c o h o l  (BOH) and b u ty ra ld e h y d e  (e q .  l^ )*
2 BO * BOH + CH3-CH£-CH£-CHO ( l ? )
Because o f  th e  l a c k  o f  s t a b i l i t y  o f  b u ty r a ld e h y d e ,  I t  was n o t  p o s s i b l e  
t o  c a r r y  ou t q u a n t i t a t i v e  s t u d i e s  t o  d e te rm in e  th e  amount o f  b u t y r ­
a ld eh y d e  form ed. The I n s t a b i l i t y  o f  b u ty ra ld e h y d e  I s  p ro b a b ly  cau sed
by th e  p r e s e n c e  o f  an  or-hydrogen w hich  I s  r e a d i l y  a b s t r a c t a b l e  In  th e  
p r e s e n c e  o f  r a d i c a l s .
As s t a t e d  p r e v i o u s l y ,  we w ere  u n a b le  t o  a s c e r t a i n  th e  e x a c t  
amount o f  d l s p r o p o r t l o n a t I o n  o f  BO* In  t h e  d e c o m p o s i t io n  o f  NOON b e c a u se  
o f  th e  i n s t a b i l i t y  o f  p r o d u c t s .  However, we h av e  s tu d ie d  t h e  p ro d u c ts  
o f  th e  d e c o m p o s it io n  o f  d l - s e c - b u t y l  p e ro x id e  (SOOS) u n d er  I d e n t i c a l
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c o n d i t io n s .  The p ro d u c ts  o f  d l s p r o p o r t lo n a t lo n  o f  sec-bu toxy  r a d i ­
c a l s  (SO*) a r e  m ethyl e th y l  ke tone  (MEK) and s e c -b u ty l  a lc o h o l  (SOH) 
which a r e  s t a b l e  under r e a c t io n  c o n d i t io n s .  We have de term ined  t h a t  
th e re  I s  a  s i g n i f i c a n t  amount o f  d i s p o r p o r t l o n a t io n  o f  SO*, and th a t  
the  y ie ld  o f d l s p r o p o r t io n a t lo n  p ro d u c ts  in c r e a s e s  w ith  s o lv e n t  v i s ­
c o s i ty  ( se e  Table  X I I ) .  When a  very  v isco u s  s o lv e n t  such as  N ujo l i s  
u se d ,  th e  r a t i o  o f  SOH:MEK approaches 1 .0 ,  i n d i c a t in g  d l s p r o p o r t io n a -  
t lo n  i s  th e  predom inate  r e a c t i o n .  However, when a lk a n e s  a r e  used as  
th e  s o lv e n t ,  th e  y i e l d  o f  SOH in c r e a s e s  and th e  y i e l d  o f  MEK d e c re a s e s .  
The t r e n d ,  as e x p e c te d ,  1b t h a t  as th e  v i s c o s i t y  o f th e  so lv e n t  In ­
c r e a s e s ,  th e  y i e l d  o f  cage p ro d u c ts  I n c re a s e s .  In  te t ra d e c a n e  we have 
de term ined  t h a t  the  r a t i o  o f  SOHiMEK I s  c o n s ta n t  over th e  e n t i r e  
co u rse  o f  th e  r e a c t i o n ,  which i n d i c a t e s  t h a t  n e i t h e r  p roduc t i s  being  
formed o r  d e s tro y e d  in  any s id e  r e a c t i o n s .
We have assumed th a t  th e  on ly  r a t e  c o n s ta n t  a f f e c t e d  by an 
In c re a se  in  s o lv e n t  v i s c o s i t y  i s  th e  r a t e  of d i f f u s io n  from th e  s o l ­
v en t cag e . However, d l s p r o p o r t lo n a t lo n  i s  a  s e c o n d -o rd e r  r e a c t i o n ,  
and the  r a t e  i s  th e r e f o r e  dependent on th e  c o n c e n t r a t io n  o f th e  r e ­
a c t in g  s p e c i e s .  I t  I s  u n l ik e ly  t h a t  a r e l a t i v e l y  u n s ta b le  r a d i c a l  
such as SO' would have a  l i f e t i m e  s u f f i c i e n t l y  long to  en co u n te r  ano­
th e r  r a d i c a l  in  s o lu t i o n .  Thus, i t  i s  p ro b ab ly  s a f e  to  assume t h a t  
a l l  d l s p r o p o r t l o n a t lo n  o ccu rs  w i th in  th e  so lv e n t  cage . An in c re a s e  
in  s o lv e n t  v i s c o s i t y  should  th e r e f o r e  in c r e a s e  th e  e f f e c t i v e  concen­
t r a t i o n  o f SO* s in c e  they  a re  fo rced  to  rem ain in  p ro x im ity  to  each 
o th e r  f o r  a lo n g e r  p e r io d  o f  t im e .  This i s  o f  c o u rse  th e  same a rg u ­
ment t h a t  i s  used to  e x p la in  an In c re a s e  In  th e  amount o f  cage r e tu r n  
when th e  so lv e n t  v i s c o s i t y  Is  In c re a s e d .
TABLE X II
DECOMPOSITION PRODUCTS OF SOOS AT I 3O0 IN ALKANE SOLVENTS®
102 (SOOS) S o lv e n t 10*(MEK) i o £ ( so h ) (SOH): (MEK)
9 . 5 0 Dodecane 2 . 8 3 5 .0 1 1 .7 3
9 . 5 8 T e tr a d e c a n e 3-61 6 . 0 1 1 . 6 0
9 .7 3 N u jo l M 9 U.63 I . 0 5
a .  The r e a c t i o n  h a s  b een  c a r r i e d  o u t  f o r  one h a l f * l i f e  In  each  o f  
t h e s e  r u n s .
11+8
11+9
I t  i s  n e c e s s a r y  t o  c o n s id e r  what e f f e c t  d l s p r o p o r t l o n a t l o n  
and 0 - s c i s s i o n  would have on th e  o b s e rv e d  r a t e  c o n s t a n t  f o r  decompo­
s i t i o n  o f  an I n i t i a t o r .  I f  se c o n d a ry  r a d i c a l  c o m b in a t io n  o c c u r s  
w i t h i n  t h e  s o lv e n t  ca g e  t o  p ro d u c e  n o n - r a d i c a l  p r o d u c t s ,  t h e  o b s e rv e d  
r a t e  c o n s t a n t  f o r  d i s a p p e a r a n c e  o f  i n i t i a t o r  would be d e p e n d e n t  on 
th e  t e c h n iq u e  u s e d .  We have  assumed t h a t  o n ce  a  0 - s c i s s i o n  p r o c e s s  
o c c u r s  f o r  e i t h e r  o f  th e  r a d i c a l  s p e c i e s  formed by t h e  h e m o ly s is  o f  a  
"one-b o n d "  I n i t i a t o r ,  t h e  r e c o m b in a t io n  o f  th e  t h r e e  o r  more s p e c i e s  
t o  r e fo rm  th e  i n i t i a t o r  does  n o t  o c c u r .  T h is  a s su m p tio n  i s  ta n ta m o u n t  
t o  s t a t i n g  t h a t  t h e r e  I s  no cag e  r e t u r n  In  t h e  d e c o m p o s i t io n  o f  "m ulti*  
bond" i n i t i a t o r s .
I f  t h e  d i s a p p e a r a n c e  o f  i n i t i a t o r  i s  m easured  d i r e c t l y  ( s e e  
E x p e r im e n ta l  S e c t io n  f o r  d i s c u s s i o n ) , t h e  o b se rv e d  r a t e  c o n s t a n t  i s  
g iv e n  by t h e  e q .  ( 1 6 ) .
+ k 2 + k g jkdlr  -  1 (16)
However, I f  th e  e x c e s s  I n i t i a t o r  t e c h n iq u e  ( s e e  E x p e r im e n ta l  S e c t io n  
f o r  d i s c u s s i o n )  i s  u sed  t o  m easu re  th e  r a t e  o f  d e c o m p o s i t io n  o f  th e  
I n i t i a t o r ,  th e  o b s e rv e d  r a t e  c o n s t a n t  I s  g iv e n  by t h e  r e l a t i o n s h i p
k -  r  . . (17 )scav  k - j  +  k 2 + k 3
The d e r l v a t l o n s o f  eq s .  (16) and (1 ? )  In v o lv e  a p p l i c a t i o n  o f  s t e a d y  s t a t e
m ethods t o  Scheme I I  In  t h e  p r e s e n c e  and a b se n c e  o f  s c a v e n g e r .  The
f r a c t i o n  k 2/ ( k _ i  + k 2 + k3 ) I s  t h e  e f f i c i e n c y  o f  r a d i c a l  p r o d u c t io n
( f  ) .  A d e c r e a s e  in  f  w i th  I n c r e a s i n g  s o lv e n t  v i s c o s i t y  would be 
P P
SCHEME I I
k i  _ _ k^




R- + S 1 >  NRP 
k£ ■ d i f f u s i o n
k3  ■ d l s p r o p o r t l o n a t l o n  t o  n o n - r a d le a l  p roduc ts  
k 4 ■ r e a c t i o n  w ith  scavenger .
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r e f l e c t e d  a s  a d e c r e a s e  In  t h e  o b se rv e d  r a t e  c o n s t a n t  w hich  would le a d  
t o  an e r ro n e o u s  v a lu e  f o r  f f .
We have d e te rm in e d  t h e  r a t e  o f  d e c o m p o s it io n  o f  NOON by 
u s in g  th e  e x c e s s  i n i t i a t o r  t e c h n i q u e .  S in c e  t h e r e  I s  s t r o n g  e v id e n c e  
f o r  d l s p r o p o r t l o n a t l o n  I n  t h i s  sy s te m ,  i t  i s  l i k e l y  t h a t  v a lu e s  o f  f f  
d e te rm in e d  by a p p l i c a t i o n  o f  e q .  ( 3 ) a r e  to o  h ig h .
F. OTHER TESTS FOR CONCERTED DECOMPOSITION
1. A c t i v a t i o n  P a ra m e te rs
I t  I s  o f  I n t e r e s t  i n  H g h t  o f  o u r  v i s c o s i t y  s t u d i e s  to  
a n a ly z e  o t h e r  t e c h n iq u e s  f o r  s tu d y in g  th e  mode o f  h o m o ly s ls  o f  i n i t i a ­
t o r s .  B a r t l e t t  and H i a t t 1£a p o s t u l a t e d  t h a t  th e  m ag n itu d e  o f  AH* and 
$
AS c o u ld  be used  t o  d e te rm in e  th e  number o f  bonds w hich r o t a t e  f r e e l y  
i n  th e  t r a n s i t i o n  s t a t e .  However, t h e  r e l a t i o n s h i p  be tw een  a c t i v a t i o n  
p a ra m e te r s  and r e s t r i c t i o n  o f  bond r o t a t i o n  i n  t h e  t r a n s i t i o n  s t a t e  h a s  
been  e x te n d e d  by some w o rk e rs  t o  In c lu d e  t h e  number o f  bonds b r e a k in g  
In  th e  t r a n s i t i o n  s t a t e .  M a r t in 39 h a s  p ro p o sed  t h a t  I n i t i a t o r s  w i th  
v a lu e s  o f  AH* g r e a t e r  th a n  35 k c a l /m o le ,  and AS* g r e a t e r  th a n  13 e . u .  
decompose In  a n o n - c o n c e r te d  m anner;  I n i t i a t o r s  w i th  v a lu e s  o f  AH* 
betw een  30 and  35 k c a l / m o l e ,  and AS* b e tw een  6 and 13 e . u .  decompose 
i n  a c o n c e r t e d  m anner.
P ry o r  and S m ith 40 have c a s t  doub t on t h e  r e l i a b i l i t y  o f  a c t i ­
v a t i o n  p a ra m e te r s  a s  a  t e s t  f o r  c o n c e r t e d  d e c o m p o s i t io n .  A c t i v a t i o n  
p a ra m e te r s  have b een  s tu d i e d  f o r  a  number o f  I n i t i a t o r s ,  and I t  has 
b een  c o n c lu d e d  t h a t  i n i t i a t o r s  c a n n o t  be u n e q u iv o c a l ly  c a t e g o r i z e d  as
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one-bond o r  two-bond I n i t i a t o r s  on th e  b a s i s  o f  a c t i v a t i o n  p a r a m e te r s .  
The most r e s t r i c t i v e  c l a s s i f i c a t i o n  t h a t  th ey  a r e  w i l l i n g  to  make i s  
t h a t  p e r e s t e r s  w i th  AH* above 53 k c a l /m o le  decompose by a  n o n -c o n c e r te d  
p a t h ,  w h i le  p e r e s t e r s  w i th  AH* below  27 k c a l /m o le  decompose v i a  a  con­
c e r t e d  m echanism . F u r th e rm o re ,  th e y  p o s t u l a t e  th e  id e a  o f  a  con tlnum  
o f  I n i t i a t o r  t y p e s ;  t h e  id e a  a l lo w in g  f o r  th e  p o s s i b i l i t y  t h a t  some 
i n i t i a t o r s  decompose by a  c o m b in a t io n  o f  two m echanism s.
2 .  The S cav en g in g  o f  A cyloxy R a d ic a ls
I f  d l a c y l  p e r o x id e s  and p e r e s t e r s  decompose by a  n o n -c o n c e r te d  
m echanism , ac y lo x y  r a d i c a l s  a r e  fo rm ed . I f  a good s c a v e n g e r  c o u ld  t r a p  
th e s e  a c y lo x y  r a d i c a l s ,  t h e  y i e l d  o f  C0£ would be r e d u c e d .  T h is  c o u ld  
p ro v id e  a t e s t  t o  d i s t i n g u i s h  one-bond  from c o n c e r te d  d e c o m p o s i t io n .  
S h in e 41 h a s  u t i l i z e d  t h i s  t e c h n iq u e  in  a  s tu d y  o f  a c e t y l  p e r o x id e ;  he 
found t h a t  when c y c lo h e x e n e  i s  u sed  as t h e  s o l v e n t ,  a c e to x y  r a d i c a l s  
a r e  s c a v e n g e d ,  and th e  y i e l d  o f  C0£ i s  g r e a t l y  re d u c e d .  T h is  method 
has been  u sed  t o  t r a p  o t h e r  a c y lo x y  r a d i c a l s  u s in g  t h e  h i g h e r  b o i l i n g  
o l e f i n  U -m e th y l-1 -c y c lo h e x e n e  (l+MC).42 The h o m o ly s is  o f  p e r e s t e r s  in  
UMC sh o u ld  g iv e  a low er y i e l d  o f  C0£ th a n  i n  a lk a n e  s o lv e n t s  i f  th e  
d e c o m p o s it io n  goes by a  n o n -c o n c e r te d  p a thw ay . The y i e l d  o f  C0£ sh o u ld  
be In d ep en d en t o f  th e  s o lv e n t  i f  t h e  p e r e s t e r  decomposes by a  c o n c e r t e d  
m echanism . However, i f  j 8 - s c i s s i o n  i s  f a s t  r e l a t i v e  to  s c a v e n g in g ,  th e n  
one-bond i n i t i a t o r s  would a p p e a r  t o  decompose by a  c o n c e r t e d  mechanism. 
I t  i s  a l s o  p o s s i b l e  t h a t  t h e  y i e l d  o f  C02 c o u ld  be red u ced  by Induced  
d e c o m p o s it io n .  The y i e l d  o f  C0E i n  liMC h a s  b e e n  compared to  th e  y i e l d  
o f C0E i n  an a lk a n e  s o lv e n t  f o r  a  number o f  t - b u t y l  p e r e s t e r s  to  which
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th e  v i s c o s i t y  t e s t  h a s  a l s o  b een  a p p l i e d .  The r e s u l t s  o f  t h e s e  
s t u d i e s  i n d i c a t e  t h a t  p e r e s t e r s  w i th  r a t e  c o n s t a n t s  t h a t  a r e  v i s c o s i t y -  
d ep en d en t  a f f o r d  low er  y i e l d s  o f  C0S i n  itffC th a n  in  a lk a n e  s o lv e n t s  
( s e e  T a b le s  X I I I  and XIV). P e r e s t e r s  w i th  r a t e  c o n s t a n t s  t h a t  a r e  i n ­
dep en d en t o f  s o lv e n t  g iv e  n e a r  q u a n t i t a t i v e  y i e l d s  o f  C0S r e g a r d l e s s  
o f  th e  s o l v e n t .  The sc a v e n g in g  e x p e r im e n ts  a r e  t h e r e f o r e  i n  q u a l i t a ­
t i v e  ag reem en t w i th  th e  v i s c o s i t y  t e s t  f o r  b o th  one-bond and m u l t i -  
bond I n i t i a t o r s .
3 . The Use o f 0 -1 8  S c ra m b lin g
t l v e 1”1 **1»16»23 t e s t  f o r  c o n c e r t e d  d e c o m p o s it io n  o f  d i a c y l  p e r o x id e s  
and p e r e s t e r s .  F u r th e rm o re ,  t h e  f r a c t i o n  o f  i n t e r n a l  r e t u r n  can  be 
q u a n t i t a t i v e l y  c a l c u l a t e d  u s in g  0 -1 8  s c ra m b l in g .
d e c o m p o s i t io n  o f  i n i t i a t o r s  by th e  v i s c o s i t y  t e s t ,  t h e r e  a r e  d i f f i ­
c u l t i e s  i n  th e  a p p l i c a t i o n  o f  0 -1 8  s c ra m b l in g  as  a t e s t  f o r  c o n c e r te d  
d e c o m p o s i t io n .  By i t s  v e ry  n a t u r e ,  th e  0 -1 8  s c ra m b l in g  t e s t  i s  l i m i t e d
The use  o f  0 -1 8  s c ra m b l in g  h a s  been used  as  a q u a l i t a -
V
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J u s t  as  t h e r e  a r e  l i m i t a t i o n s  f o r  d e te r m in in g  th e  mode o f
TABLE X I I I
DECOMPOSITION RATES* OF PERESTERS (RCO^Ot-Bu) IN n-ALKANES
R- S o lv en t 1 0 5k . . ( s e e - 1 ) o b sd ' '
ch3 - Octane 2 . 0 7
( 9 !<.5 * ) b Decane 1 . 9 5
Dodecane 1 . 7 8
T e tra d e c a n e 1 . 6 7
Hexadecane 1 . 5 5
CH3 -CHg- Octane 2.01+
( 9 l . 5 * ) b
cOctane 2 . 0 2
Decane 1 . 8 2
Dodecane 1 . 7 8
T e tra d e c a n e 1 . 6 8
Hexadecane 1 . 5 8
(CH3 )2CH- Octane 1 5 . 9
Decane 11*.6
Dodecane 1 5 . 6
T e tra d e c a n e 1 5 . 2
Hexadecane U . 7
<ch3 ) 3 c- Octane 2 3 .  k
(9 1 * )b Decane 2 3 . 8
Dodecane 2 0 . 0
T e tra d e c a n e 2 1 . 6
Hexadecane 2U. 1*
(C«3)3C- Heptane 2 3 . 3
In  m in e ra l Octane 2 3 . 1*
s p i r i t s 1* Decane 2 1 . 8
C ontinued
TABLE X I I I  (C o n tin u ed )
In­ s o l v e n t lO^k . ( s e c - 1 ) o b s d '  '
Dodecane 2 3 . 8
T e tr a d e c a n e 2 2 .7
Hexadecane 2 3 . 0
a .  A l l  ru n s  a t  1 0 0 ° ,  e x c e p t  f o r  t - b u t y l  p e r p i v a l a t e  which was decom­
posed  a t  8 0 ° .  The k i n e t i c s  were d e te rm in e d  by E. Morkved in  t h i s  
l a b o r a t o r y .
b .  P e r c e n t  p u r i t y  o f  p e r e s t e r s .
c .  D egassed  am pou les .
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TABLE XIV
C02 YIELDS FROM DECOMPOSITIONS OF PERESTERS (RCOsOt-Bu)a
R- S o lv e n t T°C co2 ( $ ) b
ch3- I s o o c t a n e 80 97
( 9 ^ -5$ ) C I s o o c t a n e 100 103
Decane 150 100; 102
i*MCd 80 7 5 ; 76; 77
Umc 100 70; 7U; 7 7 ; 7 7 ; 78; 78; 79
CHgCH^- I s o o c t a n e 100 92
(9 0 $ ) c Decane 130 95
Umc 80 U8; 59
Umc 100 5*+; 5 5 ; 5 7 ; 61; 65
(CH3 )gCH- I s o o c t a n e 80 9 2 ; 9 h
( 93$ ) C I s o o c t a n e 100 100
Umc 80 98; 101
Umc 100 10 u
( ch3 ) 3c- I s o o c t a n e 80 9 5 ; 101
(8 6 $ )c Umc 80 O O
a .  De te rm ined by E. Morkved, u n p u b l i s h e d r e s u l t s .
b .  Based on LOO$ p u re  p e r e s t e r .
c .  P e r c e n t  p u r i t y  o f  p e r e s t e r s .
d.  U - M e t h y l - l - c y c l o h e x e n e .
156
157
t o  p e r e s t e r s  and d l a c y l  p e r o x i d e s .  As I n  t h e  v i s c o s i t y  t e s t ,  I t  I s  
n e c e s s a r y  f o r  i n t e r n a l  r e t u r n  t o  o c c u r  In  o r d e r  t o  d e t e c t  one-bond  
I n i t i a t o r s .  F o r  t h e  0 -18  s c r a m b l i n g  t e s t  t o  be a p p l i c a b l e ,  I t  I s  no t  
on ly  n e c e s s a r y  f o r  I n t e r n a l  r e t u r n  t o  o c c u r ,  b u t  t h e r e  must  be com­
p l e t e  e q u i l i b r a t i o n  be tween  t h e  l a b e l e d  and u n l a b e l e d  oxygens i n  t h e  
a c y lo x y  r a d i c a l .  T h is  e q u i l i b r a t i o n  has  been  q u e s t i o n e d  In  some 
c a s e s . 4 F u r th e r m o r e ,  any Induced  d e c o m p o s i t i o n ,  c y c l i c  e q u i l i b r a t i o n  
o f  t h e  oxygens  ( a s  shown i n  V ) , o r  c y c l i c  n o n - r a d i c a l  d e c o m p o s i t io n  
( a s  shown In  Vl)  w i l l  l e a d  t o  e r r o n e o u s  c o n c l u s i o n s .
1. A c t i v a t i o n  Volumes
*
Newman h a s  s t u d i e d  t h e  a c t i v a t i o n  volume (AV ) f o r  h o m o ly t i c
-fr
s c i s s i o n  r e a c t i o n s  and h a s  p ro p o se d  t h a t  t h e  m a g n i tu d e  o f  AV can  be
u se d  t o  p r e d i c t  w h e th e r  cag e  r e t u r n  o c c u r s . 13^ *43 The v a l u e  o f  AV i s
a  r e f l e c t i o n  o f  t h e  e f f e c t i v e  volume d i f f e r e n c e  b e tw een  t h e  ground
*
s t a t e  and t r a n s i t i o n  s t a t e .  F o r  a o n e - s t e p  r e a c t i o n ,  AV i s  a  f u n c ­
t i o n  o f  t h e  p r e s s u r e  dependence  o f  t h e  r a t e  c o n s t a n t  ( e q .  1 3 ) .
dgnk m -AV 
3P RT
Neuman p r o p o se s  t h a t  f o r  a  "one-bond"  i n i t i a t o r
R-R ^ k- _  >  [R- *R] 2R- (19)
k - i
*t h e  o b s e r v e d  a c t i v a t i o n  volume ( v0^ s ) w i l l  e q u a l  t h e  a c t i v a t i o n  f o r
*
h o m o ly t i c  s c i s s i o n  (VA) o n ly  when The o b s e rv e d  r a t e  con­
s t a n t ,  ^0t,s * etlu a l  t o  o n ly  when k^ »  k . a ( e q .  2Q).
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kobs "  k l [ k  i  +  k d ]
*
By com par ing  v a l u e s  o f  AV f o r  known "one-bond"  I n i t i a t o r s ,
*
w i t h  AV v a l u e s  f o r  known " two-bond"  I n i t i a t o r s ,  I t  l a  p o s s i b l e  t o
make q u a l i t a t i v e  p r e d i c t i o n s  c o n c e r n i n g  t h e  mode o f  d e c o m p o s i t i o n ,
-*
However,  I t  sh o u ld  be  p o i n t e d  o u t  t h a t  t h e  v a l u e  o f  AV h as  been  found 
to  be  d ep en d e n t  on b o t h  t h e  s o l v e n t  and t e m p e r a t u r e  o f  t h e  sys tem .  
F u r th e r m o r e ,  t h e r e  I s  t h e  t e m p t a t i o n  o f  s e t t i n g  an  a r b i t r a r y  b r e a k o f f  
p o i n t  t o  d i f f e r e n t i a t e  "one-bond"  from " tw o-bond"  i n i t i a t o r s .  J u s t  a s  
in  t h e  a c t i v a t i o n  p a r a m e t e r  t e s t  f o r  c o n c e r t e d  d e c o m p o s i t i o n ,  t h e r e  i s  
a c o n t in u o u s  r a n g e  o f  v a l u e s ,  and i t  would be d an g e ro u s  t o  s e l e c t  a 
c e r t a i n  b r e a k o f f  p o i n t .
5. S econdary  I s o t o p e  E f f e c t s
By o b s e r v i n g  t h e  cr -secondary  i s o t o p e  e f f e c t  i t  i s  p o s ­
s i b l e  t o  d e t e r m in e  t h e  h y b r i d i z a t i o n  o f  t h e  c a rb o n  atom a t  t h e  t r a n s i ­
t i o n  s t a t e  of  a h o m o ly t i c  bond c l e a v a g e .  K oen ig i 3 a »44 h a s  s t u d i e d  t h e  
k ^ /k p  r a t i o  f o r  d l a c y l  p e r o x i d e s  V l l - a  and t - b u t y l  p e r e s t e r s  V l l - b
0 
i  i t
-C-C-O-O-R
0
VII  ( a )  R -  -C -R '
(b )  R -  - t - B u
s u b s t i t u t e d  i n  t h e  c r - p o s l t i o n .  I f  o n l y  t h e  0 - 0  bond i s  b e in g  b ro k e n  
a t  t h e  t r a n s i t i o n  s t a t e ,  t h e  h y b r i d i z a t i o n  f o r  t h e  or-carbon sh o u ld  be
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unchanged (SP3 ) ,  and should  be about 1 .0 .  However, I f  In the
c a se  o f  "two-bond" I n i t i a t o r s  th e r e  la  s u f f i c i e n t  s t r e t c h in g  o f  th e  
C-C bond In th e  t r a n s i t io n  s t a t e  such th a t th e  h y b r id iz a t io n  o f  th e  
or-carbon has become more SP£ in  n a tu re .
S e l t z e r  has c a r r ie d  out analogous le o to p lc  la b e l in g  s tu d ie s  
on azo compounds . 1 0  He has determ ined th a t  th e  secondary cr-deuterlum  
Iso to p e  e f f e c t  In th e  r a d ic a l  d eco m p o sitio n  o f  a s o -b ls - l-p h e n y le th a n e -  
a - a ' - d £  I s  1 .27* T h is  e f f e c t  I s  about tw ic e  a s  la r g e  as ex p ected  on 
th e  b a s is  o f  o th er  r a d ic a l  r e a c t io n s ,  and I s  th e r e fo r e  taken as e v i ­
dence fo r  s im u ltan eou s s c i s s io n  In  th e  t r a n s i t io n  s t a t e .
CH3  CHq ch 3  ch3
i t  i  •
Ptl-C-N-H-C-Ph -  Ph-C NifcUi C-Ph (21)
R(D) h( d ) h( d ) H(D)
T h is tech n iq u e  o f f e r s  th e  o p p o rtu n ity  to  q u a l i t a t iv e ly  d i s ­
t in g u is h  betw een "one-bond" and '*multi-bond" I n i t i a t o r s .  However, the  
d if f e r e n c e  betw een "one-bond" and "m ulti-bond" i n i t i a t o r s  i s  not alw ays  
s im p le . I t  I s  p o s s ib le  th a t  " In term ediate"  v a lu e s  o f  th e  iso to p e  
e f f e c t  cou ld  be I n d ic a t iv e  o f  I n i t i a t o r s  decom posing by co m p e tit iv e  
r o u te s .  Pryor and S m ith 1 * 0  have su g g e sted  t h is  p o s s i b i l i t y  fo r  t -b u t y l  
phenyl p e r a c e ta te .  K oen ig 4 4 0  has determ ined  th a t  kjj/kp Is  I .O 5 - I .O 6 ; 
w hereas Pryor and Sm ith have found a s l i g h t  dependence o f  th e  r a te  on 
th e s o lv e n t  v i s c o s i t y . 1 - 0
More s o p h is t ic a te d  le o t o p lc  la b e l in g  te c h n iq u e s . In c lu d in g  
d ouble la b e l in g  exp erim en ts In v o lv in g  th e  u se  o f  b oth  deuterium  and 
0 -1 8 ,180 have been used  to  stu d y  th e  mode o f  d ecom p osition  o f  a c e ty l
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p e r o x i d e .  S e l t z e r  has  even  been s t u d y i n g  such s u b t l e  e f f e c t s  a s  C-13 
I s o t o p e  e f f e c t s . 10
We have  b r i e f l y  d i s c u s s e d  t h e  t e c h n i q u e s  employed t o  d e t e r ­
mine th e  mode o f  d e c o m p o s i t i o n  o f  r a d i c a l  I n i t i a t o r s .  Each o f  t h e s e  
methods I s  I n g e n io u s  I n  i t s  own r i g h t ;  how ever ,  each  I s  h a n d ic a p p e d  
by i n a d e q u a c i e s  i n h e r e n t l y  b u i l t  i n t o  t h e  s y s t e m .  These  v a r i o u s  
t e c h n i q u e s  m igh t  b e s t  be viewed as  sys tem s  which compliment  each  
o t h e r ' s  w e a k n es se s .  However,  a  c a r e f u l  su rv ey  o f  t h e  d a t a  a v a i l a b l e  
u s i n g  d i f f e r e n t  t e c h n i q u e s  s h o u ld  a l l o w  c o n s i d e r a b l e  knowledge t o  be 
g a ined  ab o u t  t h e  mode o f  d e c o m p o s i t i o n  o f  an i n i t i a t o r .
I t  s h o u ld  be p o i n t e d  o u t  t h a t  0-18  s c r a m b l i n g  and t h e  v i s c o ­
s i t y  t e s t  a r e  t h e  on ly  sys tem s  which a l l o w  q u a n t i t a t i v e  d e t e r m i n a t i o n  
o f  th e  v a l u e s  o f  f ^  f o r  "one-bond"  I n i t i a t o r s .  S in c e  0 - 1 8  s c r a m b l in g  
i s  l i m i t e d  t o  p e r e s t e r s  and d l a c y l  p e r o x i d e s ,  t h e  v i s c o s i t y  t e s t  has  
t h e  w i d e s t  p o t e n t i a l  a s  a method which can  be u se d  t o  d i r e c t l y  d e t e r ­
mine f  . r
I I I .  EXPERIMENTAL
A. MATERIALS
H y d ro c a rb o n s : T e c h n i c a l  g rad e  h y d r o c a rb o n s  from P h i l l i p s
P e t ro leu m  Company were s t i r r e d  o v e r n i g h t  w i th  c o n c e n t r a t e d  s u l f u r i c  
a c i d  t o  remove o l e f i n s ,  washed w i t h  sodium b i c a r b o n a t e  s o l u t i o n  and 
d i s t i l l e d  w a t e r ,  t h e n  d r i e d  o v e r  an hydrous  MgS04. The h y d r o c a rb o n s  
were t h en  d i s t i l l e d  t h ro u g h  a 2 ^ - i n c h  V lgreaux  column.  H igher  g ra d e  
h y d ro c a rb o n s  were found t o  be no h i g h e r  i n  p u r i t y  - -  o n ly  h i g h e r  i n  
c o s t ,
I o d i n e : T r i p l y  su b l im ed  12  from W. H. C u r t i n  and Company
was used  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
1 . l - D i p h e n y l - 2 - P l c r y l h y d r a z i n e  (DPPH): T h is  f r e e  r a d i c a l
was p u r c h a s e d  from Eastman Chemical  Company and used  w i t h o u t  f u r t h e r  
p u r i f l c a t  i o n .
G a i v i n o x y l : The p r o c e d u r e  o f  K harasch  and J o s h i 45 was used
t o  s y n t h e s i z e  g a i v i n o x y l .
t - B u t y l  P e r o x id e  (TOOT): T h i s  m a t e r i a l  was p u r c h a s e d  from
L u c ld o l  ( 9 8 ^ min. p u r i t y )  and used  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
B uty l  P e r o x id e  (NOON): T h is  p e r o x i d e  was s y n t h e s i z e d  by th e
method o f  M o s h e r . 46
s e c - B u t y l  P e r o x id e  (SOOS): T h is  p e r o x i d e  was s y n t h e s i z e d  by
t h e  method o f  P r y o r ,  e t  a l . 47
Benzyl  Methyl  E t h e r : T h i s  m a t e r i a l  was p r e p a r e d  by t h e
method o f  O lso n ,  e t  a l . 46 I t  was s t o r e d  u n d e r  a n i t r o g e n  a tm o sp h e re  
t o  p r e v e n t  t h e  f o rm a t io n  o f  p e r o x i d e s .
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Benzaldehyde Dimethyl  A c e t a l : Th is  m a t e r i a l  was p r e p a re d
by th e  method d e s c r i b e d  by Languad . 48
Of-Methoxy Benzyl C h l o r i d e : lli+ G (0 .7 5  m) ° f  benza ldehyde
d im ethy l  a c e t a l ,  117 ml ( 1*65  O') o f  a c e t y l  c h l o r i d e ,  and 1 .6  ml 
t h i o n y l  c h l o r i d e  were r e f l u x e d  f o r  55 m inu tes  a t  55° ,  The r e a c t i o n  
m ix tu re  was a l low ed  t o  coo l  t o  room t e m p e ra tu re  and s t i r r e d  f o r  an ad-  
d i t i o n a l  hou r .  With th e  t e m p e r a tu r e  k e p t  between to and U50 , t h e  ex­
c e s s  a c e t y l  c h l o r i d e  and methyl  a c e t a t e  were s t r i p p e d  o f f  a t  reduced  
p r e s s u r e .  The p ro d u c t  was d i s t i l l e d  a t  68-70°  a t  0 . 8  nm; 88 g were 
c o l l e c t e d  f o r  a y i e l d  of  75$* 1R and NMR were run .  The NMR s p e c t r a  
c o n s i s t e d  o f  sha rp  s i n g l e t s  a t  3*52  anc* 6 . 3 ^ ppm and a broad a ro m a t ic  
peak c e n t e r e d  a t  7*3 ppm; th e  r e l a t i v e  peak I n t e n s i t y  o f  t h e s e  peaks  
was 3 : 1 : 5* r e s p e c t i v e l y .  There  were s i n g l e t s  a t  3*2  and 5 .3  ppm, i n ­
d i c a t i n g  t h a t  abou t  2$ a c e t a l  was p r e s e n t .  As might be e x p e c t e d ,  ot- 
methoxy benzyl  c h l o r i d e  undergoes  h y d r o l y s i s  q u i t e  r e a d i l y  w i th  e v o lu ­
t i o n  o f  HC1. The end p ro d u c t  i s  b e n z o ic  a c i d  go ing  th rough  t h e  i n t e r ­
m edia te  h e m la c e t a l  and s u b s e q u e n t ly  b en za ld eh y d e .  I f  t h e  c h l o r i d e  Is  
hand led  c a r e f u l l y  In  a d ry  n i t r o g e n  a tm o sp h e re ,  h y d r o l y s i s  can be 
a v o id e d .  Under such c o n d i t i o n s ,  benzaldehyde  I s  p r e s e n t  in  ab o u t  hfi 
( d e te rm in ed  by NMR).
or-t -Butoxybenzyl  Methyl E t h e r : To a s o l u t i o n  o f  6 . 9  g
(O.O6 I 5 m) o f  p o ta s s iu m  t - b u t o x l d e  In  125 ml o f  DMSO, 9*6 g (0 .0613  m) 
o f  cr-methoxy b enzy l  c h l o r i d e  was added dropwise  over  a  p e r i o d  o f  36 
m inu tes  and k ep t  a t  I c e  b a th  t e m p e r a tu r e  f o r  30 m inu tes  more. The 
o rg a n ic  phase  was th e n  e x t r a c t e d  w i th  p e n ta n e  and d r i e d  o ver  Na^COs. 
However, we were u n ab le  t o  i s o l a t e  th e  a c e t a l .
163
The s y n t h e s is  was rep ea ted  u s in g  TOH e s  th e s o lv e n t .  6 .4  G
o f  sodium wee added t o  300 ml o f  TOH and th e  m ixtu re wes a llo w ed  to
r e f lu x  o v e r n ig h t . A fte r  th e sodium t -b u to x ld e  s o lu t io n  had been a l ­
lowed to  c o o l to  room tem p eratu re , 46 g (0 .2 7 8  m) o f  th e  c h lo r id e  was 
added dropw lse over a p er io d  o f  100 m in u tes a t  room tem perature w ith  
v ig o ro u s  s t i r r i n g .  The r e a c t io n  m ixtu re was th en  s t ir r e d  fo r  an ad­
d i t io n a l  30 m in u tes . Because o f  th e  la r g e  amount o f  NaCl p r e c ip i t a t e  
p r e s e n t ,  some e th y l  e th e r  was added to  make the workup e a s ie r .  The 
NaCl was f i l t e r e d  o f f  and th e  c le a r  s o lu t io n  was d i s t i l l e d .  A fte r  th e  
e th e r  and TOH were taken o f f ,  th ree  f r a c t io n s  were c o l le c t e d  a t  0 .2 3  n®* 
The b o i l in g  p o in t ranges were 3 8 "39* t o - 1+9, and 50*51°* Th* HMR o f
f r a c t io n  th ree  had fou r peaks a t 1 . 3 ,  2 . 9 8 , 5*72, and 7*3 PP™. w ith
*
r e l a t i v e  I n t e n s i t i e s  o f  9*70 ,  3 . 0 4 ,  1 . 0 ,  and 5*74,  r e s p e c t i v e l y .
1 .2 - D lroethoxy-1 ,2 - d ip h en y l E thane: A 10 t^ s o lu t io n  o f  TOOT
In b en zy l m ethyl e th e r  ( 6  m l) was s e a le d  In a 1 0  ml ampoule and put In
a I 3 O0  tem perature b ath  fo r  th r e e  d a y s. The r e a c t io n  m ixtu re was 
c o o le d  to  - 20°  and th e  r e s u lt in g  p r e c ip i t a t e  was f i l t e r e d  and r e c r y s t a l -  
l l z e d  tw ic e  In CC14. An NMR sp e c tr a  was th en  taken  o f  th e  r e s u lta n t  
w h ite  c r y s t a l s  in  a s o lu t io n  o f  CC14 . Three sharp s in g l e t s  were found  
a t  3 .0 8 ,  4 .1 0 ,  and 7*19 PP« w ith  r e l a t i v e  in t e n s i t y  o f  3 . 0 , 1 .0 ,  and 
5.0 , r e s p e c t iv e ly .
The p r ep a ra tio n  o f  o th e r  m a te r ia ls  has been d escr ib e d  In th e  
E xperim ental S e c t io n  o f  Part 1 o f  t h i s  D is s e r t a t io n .
A l l  NMR sp e c tr a  were record ed  on th e  A -160-A  NMR S p ectrom eter  (V arlan  
A s s o c ia te s )  Proton  M agnetic R esonance. A l l  peaks were measured r e la ­
t iv e  to  TMS a s  an In te r n a l stan d ard .
B. PROCEDURE OF KINETIC RUNS
Because o f  t h e  wide v a r i e t y  o f  I n i t i a t o r s  t h a t  we have 
s t u d i e d  and because  o f  th e  wide t e m p e r a tu r e  range  over  which we have 
s t u d i e d  t h e s e  I n i t i a t o r s ,  we have used  s e v e r a l  k i n e t i c  t e c h n iq u e s  to  
o b t a i n  r a t e  c o n s t a n t s .  We have d i r e c t l y  fo l low ed  th e  d i s a p p e a ra n c e  
o f  I n i t i a t o r s  s p e c t r o p h o t o m e t r i c a l l y . We a l s o  have fo l low ed  the  f i r s t  
o r d e r  and z e r o  o r d e r  d i s a p p e a ra n c e  o f  scav en g e r  s p e c t r o p h o t o m e t r i c a l l y  
In  a l l  c a s e s ,  the  raw d a t a  were t r e a t e d  by a  computer  program to  o b ­
t a i n  a l i n e a r  l e a s t  s q u a re s  f i t  o f  t h e  d a t a  t o  th e  a p p l i c a b l e  r a t e  law
1, Method 1: D isappearance  o f  I n i t i a t o r
We have fo l low ed  t h e  r a t e  o f  d i s a p p e a ra n c e  o f  I n i t i a t o r s  
s p e c t r o p h o t o m e t r i c a l l y  u s in g  I R , UV, o r  v i s i b l e  l i g h t ,  depending on 
t h e  a d s o r p t i o n  p r o p e r t i e s  o f  th e  i n i t i a t o r .  Two te c h n iq u e s  have been 
employed t o  fo l lo w  i n i t i a t i o n  d i r e c t l y .  We have found t h a t  f o r  some 
i n i t i a t o r s ,  d e g a s s i n g  has  an e f f e c t  on the  r a t e  c o n s t a n t ,  w h i le  f o r  
o t h e r  i n i t i a t o r s ,  d e g a s s in g  hao no e f f e c t  on t h e  r a t e  c o n s t a n t .  We 
w i l l  d e s c r i b e  bo th  o f  t h e s e  t e c h n iq u e s  and th e  p a r t i c u l a r  t e c h n iq u e  
employed, and th e  e f f e c t  o f  d e g a s s in g  w i l l  be d i s c u s s e d  f o r  t h e  i n i ­
t i a t o r  in  q u e s t i o n .  In b o th  c a s e s ,  the  I n i t i a t o r  was weighed d i r e c t l y  
i n t o  a  10 ml v o lu m e t r i c  f l a s k  and d i l u t e d  t o  t h e  mark w i th  s o l v e n t .
a .  Degassed:  A l i q u o t s  ( 0 . 6  ml) were pu t  i n t o  pyrex  t u b in g
(10 ran o . d . ,  8 ran l . d . )  which p r e v i o u s l y  had been s e a l e d  o f f  a t  one 
end.  The samples were p u t  on an " 8 - t i t t e d "  cow equ ipped  w i th  a t h r e e -  
way s to p - c o c k  connec ted  t o  t h e  sys tem ,  a so u rce  o f  n i t r o g e n ,  and a  
vacuum pump. The samples  were f i r s t  c o o le d  to  l i q u i d  n i t r o g e n
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t e m p e r a t u r e .  A f t e r  t h e  samples  were f r o z e n  s o l i d ,  t h e  system was 
e v ac u a te d  f o r  a t  l e a s t  two m in u te s .  The sys tem  was th e n  opened to  
th e  n i t r o g e n  so u rc e  and a l low ed  t o  warm to  room t e m p e r a t u r e .  T h is  
p ro ce d u re  was r e p e a t e d  t h r e e  t im e s .  The system was th e n  f r o z e n  a t  
l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  p u t  under  vacuum, and s e a l e d  o f f  w i t h  a  
t o r c h ,
(b )  Non-degassed:  A l i q u o t s  ( 0 . 6  ml)  were pu t  I n t o  1 ml s o f t
g l a s s  ampoules which were s e a l e d  a t  a tm o sp h e r ic  p r e s s u r e .
In  b o th  c a s e s , t h e  ampoules were p u t  I n to  a c o n s t a n t  tem pera­
t u r e  b a t h .  Samples were removed a t  p r e d e te rm in e d  t lmeB, t h e r m a l ly  
quenched,  and p la c e d  in  co ld  s t o r a g e .  A f t e r  a l l  samples had been  r e ­
moved, I n c l u d in g  a t i m e - i n f i n i t y  sample ,  t h e  o p t i c a l  d e n s i t y  f o r  each  
sample was d e te rm in e d  s p e c t r o p h o t o m e t r i c a l l y .  The samples  which were 
an a ly z e d  by IR were d e te rm in e d  on a Beckman IR-7 ;  f ° r  t h o s e  d e te rm ined  
by v i s i b l e  o r  UV l i g h t ,  a Beckman DK-1 was u se d .
The obse rved  r a t e  c o n s t a n t  (k . ,) was d e te rm in ed  u s in g  the' o b s d /
r e l a t i o n s h i p
(^At - AJ " b^sd* " (^Ao • AJ (22)
where A( i s  th e  abso rbance  a t  t ime t ,  i s  t h e  e x p e r i m e n t a l l y  d e t e r ­
mined abso rbance  a t  i n f i n i t e  t ime ( t e n  h a l f - l i v e s ) ,  and Ao i s  t h e  
a b so rb an ce  a t  t im e  “ z e r o .
A nother  t e c h n iq u e  which we have employed f o r  f o l l o w in g  th e  
d i s a p p e a r a n c e  o f  a  peak s p e c t r o p h o t o m e t r i c a l l y  i n v o lv e s  th e  u se  o f  a 
t h e r m o s t a t e d  b lo c k .  We have d e v i s e d  a t h e r m o s ta t e d  1R c e l l  which i s
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a d a p ta b l e  t o  t h e  Beckman IR-7 as w e l l  as a c o n s t a n t  t e m p e ra tu re  c e l l  
compartment made f o r  th e  Beckman DK-1 f o r  v i s i b l e  and UV r u n s .  Using 
t h i s  t e c h n iq u e  th e  d e c r e a s e  In  a b s o r p t i o n  I s  m on i to red  c o n t i n u o u s l y .
For runs  In th e  v i s i b l e  and UV on th e  Beckman DK-1, t h e  sample was 
no rm a l ly  degassed  and s e a l e d  in  a p p r o p r i a t e  c e l l s ,  as  d e s c r i b e d  p r e ­
v i o u s l y .  However, f o r  runs  c a r r i e d  o u t  In t h e  c o n s t a n t  t e m p e ra tu re  IR 
c e l l ,  I t  i s  not  p o s s i b l e  t o  degass  t h e  samples .  For  runs  a b s o rb in g  in  
t h e  IR where i t  was a d v i s a b l e  t o  degass  th e  s o l u t i o n ,  i t  was n e c e s ­
s a ry  to  use i n d i v i d u a l  ampoules.
2 . Method 2: Excess  Scavenger  ( F i r s t  Order  D isappearance  of
Scavenger)
This  method f o r  f o l l o w in g  th e  d e com pos i t ion  o f  a f r e e  r a d i c a l  
i n i t i a t o r  was deve loped  by Lamb.50 Lamb's t e c h n iq u e  i s  a v e r s a t i l e  
t o o l ,  s i n c e  bo th  th e  r a t e  o f  d e com pos i t ion  o f  th e  i n i t i a t o r  ( k j )  as  
w e l l  a s  th e  e f f i c i e n c y  o f  t h e  i n i t i a t o r  ( f )  can be de te rm ined  u s in g  
eq .  ( 2 3 ) .
f  -  A - A /2eP (23)O oo O
where t  i s  t im e ;  A I s  the o p t i c a l  d e n s i t y  a t  t im e  ■ z e r o ,  t ,  o r  I n f i ­
n i t y ;  £ I s  th e  e x t e n s i o n  c o e f f i c i e n t  o f  th e  s c a v e n g e r ;  and Fa I s  th e  
i n i t i a l  c o n c e n t r a t i o n  of  t h e  I n i t i a t o r .
The main problem w i th  t h i s  method la  t h a t  a t im e  i n f i n i t y  
re a d in g  must be o b t a i n e d  f o r  t h e  o p t i c a l  d e n s i t y .  T h e r e f o r e ,  a  s c a ­
venger  must be used  which i s  s t a b l e  f o r  a t  l e a s t  e i g h t  h a l f - l i v e s  o f  
th e  i n i t i a t o r .  For  r e l a t i v e l y  s t a b l e  i n i t i a t o r s ,  such as  a l k y l  p e r o x i d e s ,
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t h i s  c o n d i t i o n  l a  d i f f i c u l t  t o  o b t a i n .  Due t o  t h e  s i z e  o f  t h e  e x t e n t  Ion 
c o e f f i c i e n t  o f  most s c a v e n g e r s  t h a t  we have  u s e d ,  i t  I s  n e c e s s a r y  t o  
work In t h e  c o n c e n t r a t i o n  r an g e  10“ 4 t o  10"5 M. In  w e ig h in g  ou t  
s a m p le s ,  l e s s  t h a n  10 mg a Cohn e l e c t r o b a l a n c e  was u s e d .  The samples  
were d e g a s se d  u s i n g  t h e  t e c h n i q u e  d e s c r i b e d  in  Method 1.
We have  used  th e  f o l l o w i n g  s c a v e n g e r s  i n  o u r  k i n e t i c  s t u d i e s :  
I 2 , DPPH, g a l v l n o x y l ,  and d l - t - b u t y l n i t o x l d e .  Of t h e s e ,  I £ i s  th e  
most s t a b l e  and t h e  o n ly  s c a v e n g e r  we have  been  a b l e  t o  u se  s u c c e s s ­
f u l l y  a t  h ig h  t e m p e r a t u r e s  (> 1 0 0 ° ) .  G a lv ln o x y l  i s  a d e q u a te  a t  tem­
p e r a t u r e s  l e s s  t h a n  100° .
Method *>: Excess  I n i t i a t o r  (Zero  Order  D is a p p e a ra n c e  o f  Sca­
v e n g e r )
The method o f  e x c e s s  i n i t i a t o r  was used  by B a r t l e t t 51 and
has  t h e  a d v a n ta g e  t h a t  t h e  s c a v e n g e r  does  n o t  have  t o  be s t a b l e  f o r
e i g h t  h a l f - l i v e s  o f  t h e  i n i t i a t o r .  The r a t e  e x p r e s s i o n  I s  ^0jjS “
\ / 2 P a v ^ t e ,  where \  i s  t h e  s lo p e  o f  t h e  p l o t  o f  o p t i c a l  d e n s i t y  v e r s u s
t i m e ,  P I s  t h e  a v e r a g e  c o n c e n t r a t i o n  o f  t h e  p e r o x i d e  o v e r  t h e  avg r
c o u r s e  o f  t h e  r e a c t i o n ,  e i s  t h e  m ola r  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  
s c a v e n g e r ,  kQbg i s  t h e  f i r s t  o r d e r  r a t e  c o n s t a n t .  The i n i t i a t o r  i s  
g e n e r a l l y  i n  20 t o  1+0 f o l d  e x c e s s  and t h e  a s s u m p t io n  i s  made t h a t  t h e  
c o n c e n t r a t i o n  o f  i n i t i a t o r  I s  e s s e n t i a l l y  c o n s t a n t  over  th e  c o u r s e  o f  
t h e  r e a c t i o n .  Samples a r e  weighed o u t  a s  d e s c r i b e d  p r e v i o u s l y ,  and 
a r e  d e g a s se d  a s  d e s c r i b e d  i n  Method 1.
APPENDIX I
A COMPARISON OF RADICAL ATTACK ON TOOT AND TSST
R a d i c a l  a t t a c k  on d i s u l f i d e s  has  been  s t u d i e d  in  some d e t a i l .  
In  an a t t e m p t  t o  d e t e r m in e  t h e  n a t u r e  of  t h e  t r a n s i t i o n  s t a t e  o f  
r a d i c a l  d i s p l a c e m e n t s ,  SH2 r e a c t i o n s ,  P ry o r  and Guard52 a s c e r t a i n e d  
t h e  r a t e - s t r u c t u r e  p r o f i l e  f o r  t h e  r e a c t i o n  of  p h e n y l  r a d i c a l s  a t  t h e  
S-S bond o f  a  s e r i e s  o f  d i s u l f i d e s .  P r y o r  and S m i th l r  have c a r r i e d  
t h e s e  s t u d i e s  f u r t h e r  by s t u d y i n g  th e  p r o d u c t s  o f  t h e  d e c o m p o s i t io n  o f  
p h e n y i a z o t r l p h e n y l m e th a n e  (PAT) In  a m i x t u r e  o f  CC14 and d i s u l f i d e s .
The p r im a r y  p r o d u c t s  a r e  b e n z e n e ,  c h l o r o b e n z e n e , and pheny l  a l k y l  s u l ­
f i d e  which a l l o w s  t h e  d e t e r m i n a t i o n  o f  t h e  r e l a t i v e  v a l u e s  o f  k , k ,it b
and {see  e q s .  8 ,  l b ,  and 15 ,  i n  P a r t  I ) .
The re  i s  e v id e n c e  f o r  r a d i c a l  a t t a c k  a t  t h e  0 - 0  bond o f  
b en zo y l  p e r o x i d e , 53 b u t  an a t t e m p t  t o  o b s e rv e  r a d i c a l  a t t a c k  a t  t h e  
0 - 0  bond o f  t - b u t y l  p e r o x i d e  (TOOT) was u n s u c c e s s f u l . 54 We have  r e ­
p e a t e d  t h e  l a t t e r  s t u d i e s ,  and u n d e r  a  v a r i e t y  o f  c o n d i t i o n s  we have 
found no e v i d e n c e  f o r  r a d i c a l  a t t a c k  a t  t h e  0 - 0  bond o f  a l k y l  p e r o x i d e s .
When PAT i s  a l lo w e d  t o  decompose i n  a TOOT-CCl4 m i x t u r e ,  t h e  p r im a ry
p r o d u c t s  a r e  b e n zen e  and c h l o r o b e n z e n e .  The re  I s  no e v id e n c e  f o r  t h e  
f o r m a t i o n  o f  any t - b u t y l  p h e n y l  e t h e r .  From o u r  p r o d u c t  s t u d i e s  we 
have  d e t e r m in e d  r e l a t i v e  v a l u e s  f o r  k ^  and k ^  a s  w e l l  a s  a  minimum 
v a l u e  f o r  ko ( s e e  T ab le  XII  I n  P a r t  I ) .
We w i l l  now c o n s i d e r  p o s s i b l e  r e a s o n s  why th e  p h en y l  r a d i c a l
a t t a c k s  t h e  S-S bond o f  d i s u l f i d e s , y e t  does  n o t  a t t a c k  t h e  0 - 0  bond 
o f  TOOT. I t  I s  p o s s i b l e  t h a t  r a d i c a l  a t t a c k  on t h e  0 - 0  bond i n  TOOT
168
169
I s  s t e r l c a l l y  h i n d e r e d  by t h e  b u lk y  t - b u t y l  g r o u p s ;  m o l e c u l a r  models  
show t h a t  r a d i c a l  a t t a c k  o f  t h e  0 - 0  bond In  TOOT h a s  g r e a t e r  s t e r l c  
r e q u i r e m e n t s  t h a n  r a d i c a l  a t t a c k  o f  t h e  S-S bond i n  t - b u t y l  d i s u l f i d e  
(TSST). However,  we have  s t u d i e d  th e  p r o d u c t s  o f  t h e  d e c o m p o s i t i o n  o f  
FAT i n  t h e  p r e s e n c e  o f  d l - b u t y l  p e r o x i d e ,  a l e s s  h i n d e r e d  p e r o x id e  
th a n  TOOT, and found no e v i d e n c e  f o r  t h e  f o r m a t i o n  o f  e t h e r .  A second
e x p l a n a t i o n  I s  t h a t  th e  S-S bond I s  more s u s c e p t i b l e  t o  r a d i c a l  a t t a c k
th a n  I s  t h e  0 - 0  bond.  K l e e 55 has  s t u d i e d  s u b s t i t u t i o n  r e a c t i o n s  a t  
s u l f e n y l  s u l f u r  ( e q .  2^)  and has  compared t h e  r a t e  o f  t h a t  r e a c t i o n  to
(CH3 )£ S  +  CH3 SS^(CH3 ) p -  (CH3 ) p S ^ C H 3 +  (CH3 ) e S  < 21+)
t h e  r a t e  o f  a t t a c k  o f  m ethy l  s u l f i d e  on m e th y l  I o d i d e .  The second
(CH3 ) + CH3 1 -  (CH3 ) 2S®CH3 + 1® ( 2 5 )
o r d e r  r a t e  c o n s t a n t  f o r  d i s p l a c e m e n t  a t  th e  s u l f e n y l  s u l f u r  i s  a t  
l e a s t  109 - 1 0 1Q t im e s  f a s t e r  t h a n  th e  r a t e  c o n s t a n t  f o r  t h e  d i s p l a c e ­
ment on an s p 3 c a r b o n .  I n  a f o o t n o t e  In  K l e e ' s  p a p e r , 55 a r e f e r e e  
p o i n t e d  o u t  t h a n  an a n a lo g o u s  s t a t e m e n t  m igh t  be made "ab o u t  n u c l e o -  
p h i l l c  s u b s t i t u t i o n s  a t  some o t h e r  s econd-row  e l e m e n t s  as  w e l l ,  s i n c e  
many o f  t h e s e  a r e  a l s o  v e ry  f a s t  compared t o  s u b s t i t u t i o n s  a t  c a r b o n . "  
I t  I s  p o s s i b l e  t h a t  t h i s  argument m ight  be ex te n d e d  t o  o t h e r  f i r s t  and 
second row e le m e n t s  f o r  r a d i c a l  d i s p l a c e m e n t s  as  w e l l  as  n u c l e o p h l l l c  
s u b s t l t u t  i o n s .
In  an a t t e m p t  t o  f i n d  some t r a c e  o f  r a d i c a l  a t t a c k  a t  t h e  
0 - 0  bond In  a l k y l  p e r o x i d e s ,  we have  p roduced  r a d i c a l s  u nder  a  v a r i e t y  
o f  c o n d i t i o n s .  Because  o f  t h e  g r e a t e r  s o l u b i l i t y  o f  b e n z o y l  p e r o x i d e
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(BPO), as  opposed t o  PAT, we c a r r i e d  o u t  t h e  d eco m p o s i t io n  of  BPO in  
T00T-CC14 m i x t u r e s .  However, we were u n ab le  t o  f in d  any e t h e r  u s in g  
GC. In  t h e  even t  t h a t  a  methy l  r a d i c a l  might  a t t a c k  th e  0 - 0  bond of  
TOOT, we a t t e m p te d  t o  f i n d  t - b u t y l  methy l  e t h e r  as  a p ro d u c t  o f  th e  
deco m p o s i t io n  o f  a c e t y l  p e ro x id e  In  t h e  p r e se n c e  o f  TOOT. Once ag a in  
we were u n ab le  t o  f in d  any t r a c e  o f  e t h e r  by GC. (We cou ld  have de­
t e c t e d  0 . 5$  y i e l d  o f  t h e  e t h e r . )
Our f a i l u r e  t o  f in d  a t t a c k  o f  r a d i c a l s  on th e  0 - 0  bond of  
a l k y l  p e r o x id e s  was somewhat d i s c o n c e r t i n g  when we d i s c o v e re d  t h a t  
Huang44*56 had c la im ed  t o  have  ev id e n c e  to  s u p p o r t  t h e  a t t a c k  o f  
ArCHOMe on th e  0 -0  bond o f  TOOT. He r e p o r t s  t h a t  TOOT undergoes  In­
duced d eco m p o s i t io n  In  b en zy l  e t h e r  s o l v e n t s .  His e x p l a n a t i o n  f o r  
Induced d eco m p o s i t io n  I s  t h a t  t - b u t o x y  r a d i c a l s  (TO*) a b s t r a c t  a 
b e n z y l i c  hydrogen from t h e  s o l v e n t .  The r a d i c a l  formed from t h i s  
r e a c t i o n  ( e q ,  26) su b se q u e n t ly  a t t a c k s  t h e  0 -0  bond o f  TOOT to  form an
TO* + ArCH^OCHa -  TOH + ArCH0CH3 (26)
a c e t a l  and TO* ( e q .  2 7 ) .  Huang o f f e r s  NMR d a t a  t o  su p p o r t  th e  p re sen c e
TOOT + ArCH0CH3 — TO* + ArCH(0CH3 )0T (27)
of  t h e  a c e t a l .  The s o lv e n t  he used i n  t h e s e  s t u d i e s  was p - c h lo ro b e n z y l  
methyl  e t h e r .
We have r e p e a t e d  h i s  work u s in g  b en zy l  methyl  e t h e r  as  the  
s o l v e n t .  Huang r e p o r t s  an I n c r e a s e  in  t h e  r a t e  o f  d eco m p o s i t io n  of  
TOOT by a f a c t o r  o f  2 .5  when th e  s o l v e n t  Is  changed from t -b u t y l b e n z e n e  
t o  p - c h lo r o b e n z y l  methyl  e t h e r ,  whereas  we have found th e  r a t e  t o
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I n c r e a s e  by a  f a c t o r  o f  1 .6  when t h e  s o l v e n t  I s  changed  from t - b u t y l -  
benzene  t o  b e n z y l  m e th y l  e t h e r .  We a l s o  have  c a r r i e d  o u t  a  p r o d u c t  
s tu d y  f o r  t h e  d e c o m p o s i t i o n  of  TOOT I n  b e n z y l  m ethy l  e t h e r .  The h i g h  
e f f i c i e n c y  o f  TO* t h a t  h a s  been  a c co u n te d  f o r  a s  t - b u t y l  a l c o h o l  and 
a c e t o n e  ( s e e  T a b le  XV) makes I t  a p p e a r  u n l i k e l y  t h a t  any a c e t a l  was 
formed.  However, we have I n d e p e n d e n t l y  s y n t h e s i z e d  c r - t - b u to x y  b e n z y l  
m e th y l  e t h e r  In  o r d e r  t o  f u r t h e r  s u b s t a n t i a t e  t h e  a b se n c e  of  t h e  
a c e t a l  a s  a  p r o d u c t  o f  t h e  d e c o m p o s i t io n  o f  TOOT In  b e n z y l  methy l  
e t h e r .  We have been  u n a b le  t o  f i n d  any t r a c e  o f  t h e  a c e t a l  I n  t h e  
r e a c t i o n  m i x t u r e  o f  t h e  d e c o m p o s i t i o n  o f  TOOT In  b e n z y l  m ethy l  e t h e r .  
GC c o n d i t i o n s  and t h e  method o f  p r e p a r a t i o n  o f  t h e  a c e t a l  a r e  g iv en  
In  t h e  E x p e r im e n ta l  S e c t i o n  o f  F a r t  I I  o f  t h i s  D i s s e r t a t i o n .
A more th o ro u g h  s tu d y  o f  t h e  d e c o m p o s i t i o n  p r o d u c t s  of  TOOT
in  b e n z y l  m e th y l  e t h e r  r e v e a l s  t h a t  1 , 2 - d i m e t h o x y - l , 2 - d i p h e n y l  e t h a n e ,
t h e  p r o d u c t  formed by d l m e r l z a t i o n  o f  FhCH(0CH3 ) I s  formed in  h ig h  
*
y i e l d .  I t  can  r e a d i l y  be s een  t h a t  our  p r o d u c t  s t u d i e s  a r e  no t  i n  
ag reem ent  w i t h  t h o s e  o f  Huang. One p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  ap ­
p a r e n t  d i s c r e p a n c y  i s  t h a t  t h e  p - c h l o r o  s u b s t i t u e n t  on t h e  p heny l  
group a l t e r s  t h e  b e h a v i o r  o f  t h e  r a d i c a l  formed.  P e rh a p s  t h e  d i m e r i -  
z a t i o n  o f  t h e  b e n z y l l c  r a d i c a l s  i s  i n  some way h i n d e r e d  by t h e  p r e ­
s en ce  o f  a p - c h l o r o  s u b s t i t u e n t .
We have s y n t h e s i z e d  p - c h l o r o b e n z y l  m e th y l  e t h e r  and have 
s t u d i e d  t h e  p r o d u c t s  o f  d e c o m p o s i t i o n  o f  TOOT i n  t h i s  s o l v e n t .  The
*
When 0 . 7 1 8  M TOOT i s  a l lo w e d  t o  decompose in  b e n z y l  m e thy l  e t h e r ,  
t h e  m o l a r i t y  o f  t h e  d im er  formed i s  1 .0 4 .
TABLE XV
FORMATION OF TOH AND ACETONE IN THE DECOMPOSITION OF TOOT AT I 3O0 *
S o lv e n t  ROMe 
R - (TOOT)o £ TOH $> Acetone
phch2 0 .1 0 2 97-9 4 .6
phch2 0 .1 0 2 9 7 . 6 3*4
PHCH2 0 .1 0 2 9 5 .8 3 .4 b
PHCHa 0 .1 0 2 95 .1 3 . 5 b
PHCH2 0 .1 0 2 9 8 .3 3 .5
PHCH2 0 .1 0 2 9 8 .7 3 .9
PHCHg 0 .1 0 2 9 7 .2 b
PHCH2 0 .1 0 2 9 3 .9 3 . 4 b
PHCHo 0 .1 0 2 9 6 .2 3 . 7 b
PHCHS 0 .1 0 2 9 6 . I 3 . 6 b
phch£ 0 .5 1 1 9 1 A 4 .8
phch2 0 .5 1 1 9 3 .6 4 .3
PHCHg 0.511 9 3 .6 5 .0 b
PHCHe 0.511 9 1 .7 3 .9
p-ClPhCH2 0 .1 1 1 9 0 .1 3 .7
p-ClPhCH2 0 .1 1 1 8 3 .3 3 . 4 b
p-CIPhCH£ 0.111 90 .1 3 .5
p-ClPhCHa 0 .5 2 8 79.1 4 .8
p-ClPhCHg 0 .5 2 8 7 8 .6 4 .7
P-ClPhCH2 0 .5 2 8 79 .4 4 . 8 b
p-ClPhCH2 0 .5 2 8 7 6 .2 3 .5
p-ClPhCH2 0 .5 2 8 74.0 4 .5
p-CIPhCHs 0 .5 2 8 79-5 3 .9 b
a.  A l l  d e t e r m i n a t i o n s  were done by GC.
b .  Ampoules were d e g a s sed .
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y i e l d  o f  ace to n e  and t - b u t y l  a l c o h o l  does  not  account  f o r  a l l  o f  the  
TO* formed ( s e e  Table  XV). I t  I s  p o s s i b l e  t h a t  th e  r e s t  of  the  TO* 
can  be accoun ted  f o r  as t h e  a c e t a l .  However, even i f  t h e  a c e t a l  is  
formed when TOOT i s  a l low ed  t o  decompose in  p - c h l o r o b e n z y l  methyl  
e t h e r ,  i t  does  no t  n e c e s s a r i l y  come from r a d i c a l  a t t a c k  a t  t h e  0 -0  
bond o f  th e  p e r o x id e .  I t  i s  pe rhaps  more l i k e l y  t h a t  t h e  b e n z y l l c  
r a d i c a l  a b s t r a c t s  a  hydrogen from TOOT (eq .  28) to  accoun t  f o r  th e
ArCH- 0CH3 + TOOT -  •CH2 (CH3 )^OOC(CH3 )3 + ArCH^0CH3 (28)
Induced d eco m p o s i t io n  and t h a t  the  fo rm a t io n  o f  th e  a c e t a l  comes from 
th e  r a d i c a l  com bina t ion  o f  th e  b e n z y l l c  r a d i c a l  w i th  TO* ( e q .  5 0 ) .  In 
f a c t ,  a sm al l  r e l a t i v e l y  r e a c t i v e  r a d i c a l  such as  pheny l  o r  methyl  
should  be more l i k e l y  t o  a t t a c k  th e  0 -0  p e r o x l d l c  bond th an  a r e l a ­
t i v e l y  bulky and s t a b l e  r a d i c a l  such as  ArCH(0CH3 ) .
Even though we were unable  t o  f i n d  any e v id en ce  f o r  r a d i c a l  
a t t a c k  a t  th e  0-0  bond i n  TOOT, t h e  k ^ / k ^  v a lu e s  de te rm ined  from t h i s  
s tudy  a r e  of  c o n s i d e r a b l e  I n t e r e s t .  We have found t h a t  under  I d e n t i c a l
r e a c t i o n s  k „ /k _ ,  f o r  phenyl  r a d i c a l s  g e n e r a t e d  from th e  decom pos i t ion  H Cl
o f  PAT i s  t h e  same f o r  m ix tu re s  o f  T00T-CC14 as  f o r  TSST-CC14 ( see  
Tab le  X I I ,  P a r t  i ) .  I t  has  been proposed  t h a t  hydrogens  0  t o  the  
s u l f u r  atom have an enhanced r e a c t i v i t y  which can be e x p la in e d  by a  
mechanism in v o l v i n g  p a r t i c i p a t i o n  o f  s u l f u r  in  th e  hom olys is  o f  th e  
ca rbon-hydrogen  b o n d . i r  Th is  p r o p o s a l  has  p r e c e d e n t  s i n c e  t h e  e x i s t e n c e
CH2 (CH3 ) 2 C0 0 C(CH3 ) 3 + TO- (29)
ArCH0CH3 + TO* -  ArCH(OCH3 )OT (50)
17U
o f  b r id g e d  s u l f u r  r a d i c a l s  has  bean  e s t a b l i s h e d  by S k e l l  i n  h i s  s tu d y  
o f  t h e  a d d i t i o n  o f  t h i o l s  t o  o l e f i n s . 57 T h i s  mechanism r e q u i r e s  t h a t  
s u l f u r  expand I t s  v a l e n c e  o c t e t .  Oxygen, a  f i r s t  rcrw e l e m e n t ,  c a n n o t  
expand I t s  o c t e t  and i t  I s  n o t  s u r p r i s i n g  t h a t  b r id g e d  oxygen r a d i c a l s  
a r e  unknown.
Our d a t a  s u g g e s t  t h a t  t h e  p a r t i c i p a t i o n  o f  s u l f u r  In  t h e
h o m o ly s l s  o f  t h e  c a rb o n -h y d r o g e n  bond o f  TSST I s  u n i m p o r t a n t ,  a t  l e a s t
unde r  t h e  c o n d i t i o n s  which we have  employed.  Our kH/ k c  ^ v a l u e s  f o r
T00T-CC14 and TSST-CCl4 a r e  n o t  u n p r e c e d e n t e d ,  however .  Kampmeier58
has  c a r r i e d  o u t  k / k  . s t u d i e s  and h a s  d e t e r m in e d  t h a t  t - b u t y l  s u l -H Cl
f i d e  has  t h e  same r e a c t i v i t y  a s  2 , 2 , 3 , 3 - t e t r a m e t h y l  b u t a n e  i n d i c a t i n g  
t h a t  t h e r e  i s  no p a r t i c i p a t i o n  o f  s u l f u r  i n  t h e  h o m o ly s l s  o f  t h e  
c a rb o n -h y d ro g e n  bond In  t - b u t y l  s u l f i d e .
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